
 

 

 

July 20, 2023 
 
Ms. Jennifer Meyer Project # 40441B 
Remediation and Redevelopment Program 
Wisconsin Department of Natural Resources 
1027 West St. Paul Avenue 
Milwaukee, WI 53233 

 
Subject: Remedial Action Options Report  

 Community Within the Corridor – East Block 
2748 N. 32nd Street, Milwaukee, WI 53210 
BRRTS #: 02-41-263675, FID #: 241025400 

 
Dear Ms. Meyer: 
 
On behalf of the Community Within the Corridor Limited Partnership (CWC), K. Singh & Associates, Inc. 
(KSingh) is pleased to respond to WDNR’s letter dated June 7, 2023 for the Community Within the Corridor – 
East Block project with a Remedial Action Options Report addressing additional remedial action at the project. 
Please find a review fee of $1,050 with this submittal.  
 
Project Background 
The Community Within the Corridor Limited Partnership is redeveloping the property, a former Briggs and 
Stratton Factory, into a mix of affordable housing, commercial spaces, and other amenities.  The property has 
been rezoned to Industrial Mix to facilitate development of the project. No demolition of the buildings was 
performed. The building interiors are renovated and reconfigured. A ramp was constructed to utilize the 
basement as a parking garage. Paved areas were restored with asphalt.   
 
The East Block complex is a series of buildings and additions that have been identified by the key plan included 
below. 

 

 
A Commissioning Plan was submitted to WDNR on December 28, 2022 and updated on February 14, 2023. 
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Commissioning was carried out in accordance with the February 14, 2023 plan.  
 
The results of Commissioning documented vapor intrusion of TCE into the building. The WDNR was provided 
test results and the City of Milwaukee issued an evacuation order on March 25, 2023. In addition, the WDNR 
issued an emergency order on March 31, 2023 requesting additional information.  
 
Timeline of DNR Submittals & Responses 
Please see below for a timeline of submittals following the Emergency Order: 
 

• April 7, 2023 – An Interim Remedial Action Documentation Report (RADR) was submitted to WDNR. 

• April 19, 2023 – An Emergency Corrective Action Plan (ECAP) was submitted to WDNR.  

• May 8, 2023 – The WDNR responded to the Emergency Corrective Action Plan. 

• May 2023 – Corrective Action activities outlined in ECAP fully commenced. 

• May 26, 2023 – A response to WDNR’s Technical Assistance Review of ECAP was submitted. 

• June 7, 2023 – WDNR issued response to Interim and Remedial Action Status based on the Interim 
RADR and Status Reports from March 23, 2023 through June 5, 2023 with comments on the following 
areas of concern: 

o Soil Excavation 
o Soil Vapor Extraction 
o TCE in Indoor Air 

 
Remedial Activities/Progress Update on CWC Corrective Action 
The following actions have been completed or are underway with progress reported in weekly status reports. 
 

• Sid’s Sealing has performed caulk sealing work on floors, walls, sump lids, and columns throughout the 

complex and there was apparent improvement associated with the work. An additional sealing firm was 

consulted regarding Retro-Coat sealing in order to address the wooden columns, floors, and walls 

specifically in Units 1045 and 1050, however they could not guarantee any results on walls and columns.  

• KSingh has performed portable Gas Chromatograph (GC) testing throughout the complex in association 

with Hartman Environmental Geoscience. Significant data has been developed and shared with the 

WDNR in weekly status reports.  

• The gutters and downspouts near the south blowers have been redirected to divert stormwater away 

from the blowers and pipes from the sub-slab depressurization system. 

• Constructed 14 access points for the purposes of installing inspection ports or connections to vapor 

mitigation system fans. Eleven of the access points have been sealed with two layers of 15-mil vapor 

barrier and concrete. The remaining three access points are covered with plastic and will be permanently 

sealed with vapor barrier and concrete soon. Please refer to Figure 1 for the location of access points. 

• VS-Water Blasting, LLC televised the VMS System except for in Building 3A using the access points. No 

water or blockages were determined to be in the sub-slab depressurization system. 

• Four sumps/drains have been added to the complex for draining water from the sub-slab 

depressurization system. In addition, drain tile has been installed from the sub-slab depressurization 

system trench to sumps associated with elevators in building 2A and building 1B-NE. Please refer to 

Figure 1 for locations of the sumps and drains. 

• Approximately 40 tons of soil is estimated to have been generated from excavation of the sumps, drain 

tile trenches, and access points. 
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• Three additional blowers were added to the system based on data collection and analysis: 

o Blower #5, an Obar Fan GBR 123, was connected to the sub-slab depressurization system at 

the north side of the Fitness Room.  

o Blower #6, an Obar Fan HA 89, was connected to the sub-slab depressurization system in the 

hallway west of Unit 1037 in order to address depressurization concerns, based on data 

collected, in Units 1039, 1040, 1041, 1042, and 1043. 

o Blower #7, an Obar Fan HA 89, was connected to the sub-slab depressurization system in Unit 

1035 in order to address depressurization concerns, based on data collected, in Building 1B-

South. 

o With the addition of Blowers 5, 6, and 7, the capacity of air flow has increased from 1,342 cfm 

on May 31, 2023 to 2,294 cfm on June 22, 2023. Please refer to the locations of the blowers in 

Figure 1 and flow data based on anemometer readings in Table 1. 

• Fliteway Technologies replaced rental Blowers 3 and 4 with permanent blowers. The 7.5HP rental 

blower was upgraded to a 10HP blower, so that Blowers 3 and 4 are both 10 HP Blowers. 

• Details from Obar Fan and Fliteway are included in Attachment A. 

• Upon the successful startup of Blower #5, continuous monitoring commenced in Units 1045 and 1050. 

Ventilation fans were turned off and doors to all units were closed to allow for the evaluation of the vapor 

mitigation system under the most challenging conditions. 

• Modifications were made to Blower #8, its piping, and its vapor extraction points including an addition of 

a valve to direct more vacuum to the Northern Mechanical Room. 

Analysis of Results 
The following results were observed upon completion of the described corrective actions. 
 

• Additional depressurization was observed immediately upon the startup of Blowers 5, 6, and 7. 

Depressurization was established under all residential units greater than -0.004 inches of water. During 

the week ending July 15, 2023, Blower #7 shut off and will be replaced and Blower #2 was temporarily 

shut down and was repaired. The shutdown of the blowers led to loss of depressurization in Units 1025, 

1026, 1035, 1036, 1037, 1039, and 1058 and in vapor pins BB 1, BB 2, BB 4, and BB 5 to less than -0.004 

inches H2O. Vacuum is not exhibited in Stairwell 4, N. Mechanical Room, SW Garage 2, SW Garage 6, 

and SW Garage 19.  

 

Restoration of vacuum is anticipated with the restoration of blowers and replacement of Blower #7 with a 

GBR 89. An additional blower is proposed for the SW Garage area. Connection of Stairwell 4 to the area 

influenced by Blower #5 is proposed to establish sufficient sustained vacuum in the stairwell. Excavation 

of the Northern Mechanical Room is proposed to improve vacuum draw conditions under the Northern 

Mechanical Room. Please refer to Table 5 and Figure 6 for a summary of depressurization measurements 

and the location of vapor pins for the week ending July 15, 2023. 

 

• TCE detections in indoor air have reduced from a maximum TCE concentration of 350 ug/m3 on March 

30, 2023 in Unit 1045 to less than 2.1 ug/m3 in all units except the Northern Mechanical Room as of July 

14, 2023. Please refer to Table 6 for a summary of discrete TCE measurements utilizing the portable GC 

and Figure 7 showing where indoor air exceedances are occurring. 
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• Sub-slab vapor concentrations of TCE have greatly reduced and nearly all vapor pin results are less 

than 70 ug/m3. Please refer to Table 7 for a summary of sub-slab vapor measurements and Figure 7 

showing the estimated extent of sub-slab vapors with TCE concentrations greater than 70 ug/m3. 

• Emissions have shown a significant increase in concentrations of TCE being removed from approximately 

30 ug/m3 prior to the startup of Blower #5 to more than 400 ug/m3 from Blower #5 after startup, greater 

than 1 order of magnitude improvement. Please refer to Table 1 for a summary of blower emissions 

concentrations of TCE and a summary of estimated flow rates based on anemometer readings. 

• Resulting from the increased flow from the sub-slab depressurization system and increased 

concentrations of TCE in the emission, the soil vapor extraction Removal Rate has improved from 

approximately 0.9 pounds of TCE a year to approximately 5 to 7 pounds of TCE per year. Please refer 

to Table 1 for estimates of emissions. Emissions at 5 to 7 pounds per year of TCE are evidence that 

soil vapor extraction is occurring. 

Identification and Evaluation of Remedial Action Options 
The following remedial action options were identified as likely to be feasible for the facility based on the criteria 
of NR 722.07 and compliance with the environmental laws and standards under NR 722.09 (2). 
 

1. Use of Biochar to sequester TCE Vapors 

2. Selective Source Removal – Excavation and Disposal of Contaminated Soils to Degree and Extent 

Practical 

3. Addition of Depressurization Fans / Improvement of Conditions for Depressurization 
 

Chemical injection was considered technically infeasible due to the underlying clay soils. Relying on just the 
existing blowers was considered infeasible due to exceedances of VALs and VRSLs which did not demonstrate 
short-term effectiveness and the uncertain restoration time frame. Bio-degradation technologies were not 
considered feasible due to the technical infeasibility due to clay soils, and the uncertain restoration time frame. 
Complete excavation of the contaminated soils was considered infeasible due to the technical feasibility of 
excavation below a building which acts as a structural impediment. Biochar will be used with the thickness of 
Biochar still to be determined. 
 
Based on the evaluation of the options including technical feasibility and expected short-term effectiveness, a 
combination of selective source removal, use of Biochar, and improvement of sub-slab conditions was 
considered the best remedial option for the remediating the indoor air pathway in accordance with NR 722.09. 
 
Additional Corrective Action  
The results to date have shown significant improvement in Indoor Air Quality, Sub-Slab Vapor Quality, emissions 
rates that demonstrate the achievement of SVE removal rates, and the achievement of depressurization under the 
entire building except for the Northern Mechanical Room, Stairwell 4, and parts of the garage. Subslab vapor risk 
screening levels for TCE were exceeded in the laundry room (room 1048), Unit 1045, Unit 1050, Unit 1044, in the 
southern portion of the gym at vapor pin BB 1 and 2, and the vapor pin in the SW Garage 2. The proposed plan 
includes additional source removal to bring Sub-Slab Vapor Quality in compliance with VRSLs and to improve 
vacuum performance in areas of inadequate depressurization. 
 
The following actions are proposed: 

 
1. Perform additional source removal to 4 feet below the top of slab in areas where there are indoor air 
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VAL exceedances, VRSL exceedances, and/or significant concentrations of TCE remaining in 
subsurface soils based on the Interim Remedial Action Documentation Report findings and GC testing 
data. Existing gravel will be separated and reused. Residual TCE concentrations in soil are shown on 
Figure 8. Excavation is limited to 4 feet to not jeopardize the structural integrity of the building 
foundation and 2 feet in the stairwell and gym areas. The locations of proposed excavations are shown 
on Figures 2, 3, and 4. Please refer to Table 2 for the areas of excavation and estimated quantities of 
material that are proposed to be removed. Table 3 estimates the TCE to be removed by the additional 
source removal to be approximately 3 pounds.  
 

2. Collect at least two confirmatory samples from the bottom of each unit/area excavated and test for 
VOCs.  
 

3. Perform smoke testing to determine if there is a loss of vacuum from leakage in the garage run of the 
sub-slab depressurization system. Determine if the sumps are contributing to loss of vacuum. Modify 
as necessary, add additional fans to the sub-slab depressurization system, and/or perform additional 
source removal. Additional source removal, including in the Northern Mechanical Room, will also result 
in an additional sub-slab gravel layer which is anticipated to expand the zone of depressurization. 
 

4. Replace Blower #6 with an Obar GBR 123 Fan for increased depressurization and vapor removal 
below building 1B-SW. An Obar GBR 89 will be used to replace the malfunctioning Blower #7. 

 
5. Following excavation and collection of confirmatory samples, a thin layer of Biochar will be placed, a 

geotextile will be placed atop the Biochar, the excavation will be backfilled with gravel to required 
grades. A typical cross-section of excavation and restoration is shown on Figure 5. Biochar is a 
carbon-rich product obtained when biomass, such as wood, manure, or leaves, undergoes pyrolysis, 
a thermochemical process that occurs under high temperatures and in the absence of oxygen. It is 
similar to charcoal but is designed specifically for soil application. The structure of biochar is often 
characterized by a high degree of porosity, a high carbon content, and a high surface area. Please 
refer to Attachment B for further information on BioChar. 
 
Biochar can interact with TCE via adsorption, a process by which TCE molecules adhere to the surface 
of biochar. This interaction can occur in several ways: 
 

• Physical adsorption: The porous structure and high surface area of biochar allow TCE 
molecules to be physically trapped within its structure. This process is primarily driven by van 
der Waals forces. 

• Chemical adsorption: The surface of biochar often contains various functional groups that 
can form chemical bonds with TCE molecules, resulting in a stronger, chemically bonded form 
of adsorption. This process is more specific and stronger than physical adsorption. 

• π–π electron donor-acceptor (EDA) interactions: The aromatic carbon structure of biochar 
may form π–π EDA interactions with the aromatic ring in TCE, further enhancing its adsorption 
capacity. 

 
Given its adsorptive properties, biochar is considered a promising, environmentally sustainable option 
for remediation of TCE-contaminated environments, especially in soil and groundwater remediation. 
By adjusting the production parameters of biochar (like pyrolysis temperature and feedstock), the 
adsorptive properties of biochar can be tuned to enhance its effectiveness in TCE adsorption. 
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It's important to note that the presence of other substances in the environment could potentially 
compete with TCE for adsorption sites on the biochar, which may affect its performance. Therefore, 
the effectiveness of biochar in TCE adsorption could depend on the specific conditions of the 
environment where it is applied. 
 

Please refer to Table 4 for calculations of how much Biochar is required. Based on the historical 

information of soil contamination coupled with the predicted adsorption capacity of the biochar, a total 

of approximately 2.3 tons of biochar would be required to prevent a breakthrough. The application of 

biochar coupled with the VMS will ensure an efficient TCE removal mechanism. 

6. Atop the gravel fill, a vapor barrier at least 20-mils thick, and concrete will be placed.  
 

7. Additional sub-slab depressurization fans will be placed to provide additional resiliency to Units 1044, 
1045, 1048. 1049, and 1050 and the garage area of 1B-NW to improve sub-slab depressurization and 
provide resiliency to the system based on post-construction depressurization and TCE measurements. 
 

8. Apply Biochar to wooden columns to provide additional protection against vapor intrusion using the 
wooden columns as preferential pathways. The biochar-alginate gel can be used in the floors and 
wooden columns to provide a dual purpose of sealing the cracks, as well as to act as a medium of 
remediation by absorbing TCE. Creating a biochar-alginate mixture generally involves creating a 
suspension of biochar in a solution of alginate, then using a gelling process to solidify the mixture. In 
order to create an effective sealing and remediation mechanism, the affected areas would need about 
600 kgs of biochar to be mixed with 60 kgs of potassium alginate and solidified with about 200 kgs of 
calcium chloride in an aqueous media. 

 
9. An Operations and Maintenance (O&M) Plan will be submitted following restoration of concrete 

throughout the complex. The O&M Plan will provide a plan for additional depressurization fans and 
power backup, as needed. 

 
Sustainable Remedial Action Evaluation 
The use of Biochar will allow for the beneficial reuse of organic wastes in a sustainable manner that will also limit 
the long-term electrical needs of the vapor mitigation system by sequestering TCE. Biochar will also reduce the 
generation of air pollutants. There will be no impacts to water use or impacts to water resources by the proposed 
plan. There will be no impacts to future land use or ecosystems from the proposed remedial action.  
 
The Obar Fans utilized at the site have adjustable speeds and may be adjusted over time as conditions improve 
to limit electricity use. 
 
Schedule / Timeline 
The following is the proposed schedule for additional remedial action. 
 

1. August 1 to September 15, 2023  Source Removal Starting in Northern Mechanical Room work  
to Include: Concrete Cutting, Soil Excavation and Disposal, 
Placement of Biochar and Geotextile, Backfilling with 
Permeable Stone/Gravels, Installation of Vapor Extraction 
Piping (where required), Vapor Barrier, and Replacement of 
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Concrete Flooring per Table 2 and Figures 2, 3, and 4.  
 

Spread Biochar and Enclose Columns in Units 1043, 1044, 
1045, 1048, 1049, 1050 and 1052. 
 
Potential Installations of Additional Fans for Units 1044, 1045, 
and 1050, and for Units 1048 and 1049.   
 

2. August 17, 2023    Submit Commissioning Plan to WDNR 
 

3. September 16 to September 29, 2023  Obtain Full Operation of Mitigation System and Post-Remedial 
Action Indoor Air and Sub-Slab Vapor Testing 

 

4. October 2, 2023    1st Round of Commissioning  
 

5. October 27, 2023    Submit Remedial Action Documentation Report and O&M Plan 

 
Closing 
We request WDNR’s review and approval of the proposed Remedial Action Plan.  Please note that Robert 
Fedorchak with Patriot Engineering and Environmental, Inc., an NRPP-Certified Radon Mitigation Specialist, has 
provided plan input and feedback. Please find included in Attachment C certification of the plan. The remedial 
actions are proposed to begin in August 2023 and we would appreciate an accelerated review in order to 
implement any WDNR requests before work is completed. We appreciate WDNR’s assistance with this project. 
Please contact us if you have any questions. 
 
Sincerely, 

K. SINGH & ASSOCIATES, INC. 
 
 
 
Robert T. Reineke, PE       Sameer Neve, Ph.D., ENV SP  
Senior Engineer       Staff Engineer  

 
 
 
 

Pratap N. Singh, Ph.D., PE 
Principal Engineer 
 
cc:  Shane LaFave / Roers Companies 

Que El-Amin / Scott Crawford, Inc. 
Robert Fedorchak, PE / Patriot Engineering and Environmental, Inc. 

 
Tables/Figures 
Table 1.  GC TCE Measurements of Blower Effluent and Estimated Removal Rates 
Table 2.  Estimated Additional Excavation Volumes 
Table 3.  Estimated Additional TCE Removal 
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Table 4.  Biochar Application 
Table 5.  Summary of Differential Pressure Measurements at Vapor Pins 
Table 6.  GC TCE Measurements of Indoor Air 
Table 7.  GC TCE Measurements of Sub-Slab Vapors 
 
Figure 1.  Locations of Access Points, Additional Sumps and Drains, Blowers for Vapor Mitigation System, 

and Vapor Pins 
Figure 2.  Proposed Areas of Additional Excavations (1B-SW and 1C) 
Figure 3.  Proposed Areas of Additional Excavations (1B-W and 1B-NW) 
Figure 4.  Proposed Area of Additional Excavation (North Mechanical Room) 
Figure 5.  Cross-Section of Excavation and Restoration 
Figure 6.  Locations of Vapor Pins and Differential Pressure Measurements for the week of 7/15/23 
Figure 7.  Locations of Indoor Air TCE Concentrations and VAL Exceedances and Sub-Slab Vapor TCE 

Concentrations and VRSL Exceedances 
Figure 8.  Locations of Confirmatory Samples and Residual TCE Concentrations 
 
Attachments 
Attachment A Obar Fan and Fliteway Blower Information 
Attachment B Biochar Technical Information 
Attachment C Professional Engineer Certifications



` 

TABLES / FIGURES 



Table 1 
GC TCE Measurements of Blower Effluent and Estimated Removal Rates

Blower ID

Effluent TCE 
Concentration

Flow Rate
TCE 

Removal 
Rate

TCE Removal 
Rate

Effluent TCE 
Concentration

Flow Rate
TCE 

Removal 
Rate

TCE Removal 
Rate

Effluent TCE 
Concentration

Flow Rate TCE Removal 
Rate

TCE 
Removal 

Rate

Effluent TCE 
Concentration

Flow Rate TCE Removal 
Rate

TCE Removal 
Rate

Effluent TCE 
Concentration

Flow Rate
TCE 

Removal 
Rate

TCE Removal 
Rate

Effluent TCE 
Concentration

Flow Rate TCE Removal 
Rate

TCE Removal 
Rate

Effluent TCE 
Concentration

Flow Rate TCE Removal 
Rate

TCE Removal 
Rate

Effluent TCE 
Concentration

Flow Rate TCE Removal 
Rate

TCE Removal 
Rate Flow Rate

TCE 
Removal 

Rate

TCE 
Removal 

Rate
(ug/m3) (cfm) (lbs/day) (lbs/year) (ug/m3) (cfm) (lbs/day) (lbs/year) (ug/m3) (cfm) (lbs/day) (lbs/year) (ug/m3) (cfm) (lbs/day) (lbs/year) (ug/m3) (cfm) (lbs/day) (lbs/year) (ug/m3) (cfm) (lbs/day) (lbs/year) (ug/m3) (cfm) (lbs/day) (lbs/year) (ug/m3) (cfm) (lbs/day) (lbs/year) (cfm) (lbs/day) (lbs/year)

5/31/2023 19.6 315 0.0006 0.2 33.5 335 0.0010 0.4 12.5 692 0.0008 0.3 0 0.0000 0.0 0 0.0000 0.0 0 0.0000 0.0 0 0.0000 0.000 0 0.0000 0.000 1342 0.002 0.9
6/9/2023 19.6 315 0.0006 0.2 33.5 335 0.0010 0.4 12.5 692 0.0008 0.3 461 373 0.015 5.6 19.5 68 0.0001 0.0 0 0.000 0.0 0 0.0000 0.000 0 0.000 0.000 1783 0.018 6.5
6/22/2023 16.3 328 0.0005 0.2 19.8 313 0.0006 0.2 14.9 568 0.0008 0.3 405 388 0.014 5.2 0 0.0000 0.0 28.8 314 0.001 0.3 7 380 0.0002 0.087 180 3 0.00005 0.018 2294 0.017 6.2
6/28/2023 17.6 363 0.0006 0.2 18.7 378 0.0006 0.2 0 0.0000 0.0 400.4 344 0.012 4.5 0 0.0000 0.0 28.8* 309 0.001 0.3 7* 360 0.0002 0.083 180* 3* 0.00005 0.018 1757 0.015 5.4
7/3/2023 20.1 372 0.0007 0.2 18.3 364 0.0006 0.2 14.9* 568* 0.0008 0.3 388.7 336 0.012 4.3 0 0.0000 0.0 23.8 316 0.001 0.2 2.93 357 0.0001 0.034 180* 3* 0.00005 0.018 2493 0.015 5.3

*Estimated data due to unavailability of sample

Total of All Blowers

Date

Blower 5 (Obar Fan GBR 123) Temp Radonaway GP501C at Access Point 4Blowers 3 and 4 (Northern Blowers)Blower 2 (South 10 HP)Blower 1 (South 7.5 HP) Blower 6 (Obar Fan HA 89) Replacement for GP501C Blower 7 (Obar Fan HA 89) Blower 8 (RP 265)



Area Depth Volume Weight Reason
(square feet) (feet) (cubic yards) (tons)

Hall Hall Outside 1044 and 1045 186 2.5 17.22 30.225 Subslab Vapor 
Exceedance

1044 Main 100 2.5 9.26 16.25 Subslab Vapor 
Exceedance

1045 Main 99 2.5 9.17 16.0875

Subslab Vapor 
Exceedance and 
Residual Soil 
Contamination

1045 Bedroom 100 2.5 9.26 16.25

Subslab Vapor 
Exceedance and 
Residual Soil 
Contamination

1050 Main 50 2.5 4.63 8.125

Subslab Vapor 
Exceedance and 
Residual Soil 
Contamination

Hall Hall to 1050 126 2.5 11.67 20.475

Subslab Vapor 
Exceedance and 
Residual Soil 
Contamination

Hall Corridor Outside 1048/1049 192 2.5 17.78 31.2 Residual Soil 
Contamination

1048 Laundry 150 2.5 13.89 24.375

Subslab Vapor 
Exceedance and 
Residual Soil 
Contamination

1056 Mechanical Electrical Room 92 2.5 8.52 14.95 Residual Soil 
Contamination

1049 Storage Room 384 2.5 35.56 62.4 Residual Soil 
Contamination

Hall Hall to 1051 109.72 2.5 10.16 17.83 Residual Soil 
Contamination

1B-NW

Garage Near SW Garage Vapor 
Pin (Parking Space 2, Parking 
Space 6, and Parking Space 
19)

400 3.5 51.85 91.00
Subslab Vapor 
Exceedance and 
Lack of Vacuum

N. Mech.
Room N. Mech. Room 100 3.5 12.96 22.75

Indoor Air 
Exceedance and 
Lack of Vacuum

Table 2
Estimated Additional Excavation Volumes

Unit Location



Area Depth Volume Weight Reason
(square feet) (feet) (cubic yards) (tons)

Table 2
Estimated Additional Excavation Volumes

Unit Location

1B-C SW Portion of Gym (Vapor Pin 
BB1) 200 1.5 11.11 19.50

Subslab Vapor 
Exceedance, Lack of 
Vacuum

1B-C S Portion of Gym (Vapor Pin 
BB2) 200 1.5 11.11 19.50

Subslab Vapor 
Exceedance, Lack of 
Vacuum

NW Gym 
Stairwell

NW Gym Stairwell 12 1.5 0.67 1.17
Subslab Vapor 
Exceedance and 
Lack of Vacuum

2,500.72 --- 234.81 412.09 ---Total



Area Depth Volume Weight

Representative 
Maximum Residual 
TCE Concentration*

Estimated TCE 
to be Removed

(square feet) (feet) (cubic yards) (tons) (mg/kg) (pounds)
Hall Hall Outside 1044 and 1045 186 2.5 17.22 30.225 3.7 0.223665
1044 Main 100 2.5 9.26 16.25 3.7 0.12025
1045 Main 99 2.5 9.17 16.0875 3.7 0.1190475
1045 Bedroom 100 2.5 9.26 16.25 3.7 0.12025
1050 Main 50 2.5 4.63 8.125 3.7 0.060125
Hall Hall to 1050 126 2.5 11.67 20.475 3.7 0.151515
Hall Corridor Outside 1048/1049 192 2.5 17.78 31.2 3.7 0.23088
1048 Laundry 150 2.5 13.89 24.375 3.7 0.180375
1056 Mechanical Electrical Room 92 2.5 8.52 14.95 3.7 0.11063
1049 Storage Room 384 2.5 35.56 62.4 3.7 0.46176
Hall Hall to 1051 109.72 2.5 10.16 17.83 3.7 0.1319383

1B-NW
Garage Near SW Garage Vapor Pin 
(Parking Space 2)

400 3.5 51.85 91.00
3.7 0.6734

N. Mech.
Room

N. Mech. Room 100 3.5 12.96 22.75
3.7 0.16835

1B-C SW Portion of Gym (Vapor Pin BB1) 200 1.5 11.11 19.50 3.7 0.1443
1B-C S Portion of Gym (Vapor Pin BB2) 200 1.5 11.11 19.50 3.7 0.1443

NW Gym 
Stairwell

NW Gym Stairwell 12 1.5 0.67 1.17 2.7 0.006318

2,500.72 --- 234.81 412.09 --- 3
*Concentration based on Median Concentration of Remedial Action Confirmatory Samples for Hot Spots and SIR
concentration for Northern Mechanical Room.

Table 3
Estimated Additional TCE Removal

Unit Location

Total



Table 4  
Biochar Application

Units Value
Biochar source Wood Char
Biochar C% % 67.22
Biochar bulk density kg/m3 633.00
Biochar Surface Area m2/g 0.92

Soil Area ft2 2500.72
Depth of Excavation ft 2.50
Total Soil Volume ft3 6251.80
Soil Density lbs/ft3 130.00
Soil Mass lbs 812734.00

kg 368649.64
TCE Concentration in Exhaust ug/m3 400.00
Soil Pore Volume m3 52.52

TCE in soil mg/kg 3.70
Total TCE mass g 1364.00

lbs 3.01
Biochar adsorption capacity mg/g 32.00

Amount of biochar needed g 42625.11
kg 42.63

Safety Factor 10.00
Amount blended with soil kg 426.25
Amount used to form a barrier kg 1050.52
Amount used for sealing kg 600.00
Total Biochar needed kg 2076.77

lbs 4578.49
ton 2.29



Table 5 - Summary of Differential Pressure Measurements at Vapor Pins

Date 6-Jun 6-Jun 7-Jun 7-Jun 7-Jun 8-Jun 8-Jun 8-Jun 8-Jun 9-Jun 9-Jun 9-Jun 12-Jun 12-Jun 13-Jun 14-Jun 15-Jun 16-Jun 19-Jun 20-Jun 21-Jun 22-Jun 23-Jun 26-Jun 27-Jun 28-Jun 29-Jun 30-Jun 3-Jul 5-Jul 6-Jul 7-Jul 10-Jul 11-Jul 12-Jul 13-Jul 14-Jul
Time 14:35 16:45 8:00 12:00 16:00 9:00 12:45 14:00 16:15 8:30 12:00 15:30 8:30 12:30 16:30 9:30 11:30 15:30 13:00 12:00 12:00 10:00 10:00 14:00 14:26 15:00 13:00 10:15 12:30 11:30 9:00 10:00 15:20 10:00 11:00 9:30 8:15

Location
1055 -0.383 -0.379 -0.464 -0.464 -0.459 -0.235 -0.233 -0.368 -0.354 -0.363 -0.367 -0.365 -0.354 -0.376 -0.371 -0.356 -0.373 -0.374 -0.372 -0.374 -0.371 -0.37 -0.375 -0.383 -0.379 -0.367 -0.449 -0.446 -0.449 -0.455
1054 -0.524 -0.510 -0.511 -0.521 -0.779 -0.751 -0.751 -0.770 -0.913 -0.914 -0.904 -0.499 -0.483 -0.727 -0.737 -0.735 -0.745 -0.741 -0.74 -0.763 -0.777 -0.779 -0.777 -0.776 -777 -0.765 -0.77 -0.769 -0.783 -0.777 -0.78 -0.926 -0.935 -0.935 -0.961
1053 -0.414 -0.414 -0.505 -0.505 -0.505 -0.266 -0.263 -0.397 -0.397 -0.399 -0.405 -0.411 -0.398 -0.42 -0.411 -0.416 -0.416 -0.419 -0.41 -0.416 -0.423 -0.422 -0.407 -0.418 -0.416 -0.411 -0.499 -0.496 -0.496 -0.508

Oppo. 1054 -0.254 -0.262 -0.313 -0.332 -0.327 -0.167 -0.161 -0.247 -0.251 -0.256 -0.251 -0.256 -0.255 -0.267 -0.261 -0.257 -0.254 -0.249 -0.238 -0.243 -0.054 -0.245 -0.256 -0.262 -0.258 -0.259 -0.266 -0.325 -0.308 -0.308 -0.328
Stairwell 4 0 0 0 0 0 0 0 0.000 0 0 0 0 0 0 0 0 0 0 0 0 -0.004 -0.002 -0.003 -0.005 -0.006 -0.006 -0.004 -0.003 -0.003 0 -0.004 -0.003 -0.006 0 0 0 0

1052 -0.752 -0.756 -0.905 -0.912 -0.901 -0.492 -0.47 -0.727 -0.729 -0.728 -0.734 -0.735 -0.738 -0.744 -0.748 -0.755 -0.753 -0.761 -0.746 -0.763 -0.773 -0.765 -0.763 -0.758 -0.761 -0.764 -0.934 -0.915 -0.937 -0.923
1051 -0.183 -0.176 -0.226 -0.219 -0.212 -0.117 -0.105 -0.171 -0.168 -0.165 -0.171 -0.176 -0.176 -0.182 -0.188 -0.192 -0.18 -0.186 -0.179 -0.181 -0.137 -0.17 -0.173 -0.161 -0.169 -0.163 -0.181 -0.219 -0.22 -0.225 -0.23
1049 -0.131 -0.141 -0.176 -0.184 -0.173 -0.218 -0.214 -0.221 -0.122 -0.107 -0.159 -0.156 -0.175 -0.171 -0.17 -0.172 -0.191 -0.199 -0.194 -0.189 -0.189 -0.182 -0.184 -0.058 -0.183 -0.177 -0.189 -0.181 -0.184 -0.215 -0.219 -0.215 -0.227
1048 -0.068 -0.070 -0.088 -0.086 -0.044 -0.037 -0.064 -0.068 -0.068 -0.054 -0.066 -0.071 -0.07 -0.071 -0.081 -0.078 -0.088 -0.074 -0.086 -0.089 -0.085 -0.057 -0.081 -0.079 -0.076 -0.061 -0.087 -0.099 -0.086 -0.104
1050 -0.060 -0.052 -0.054 -0.051 -0.081 -0.082 -0.072 -0.082 -0.092 -0.095 -0.097 -0.054 -0.055 -0.103 -0.109 -0.081 -0.079 -0.074 -0.08 -0.083 -0.088 -0.092 -0.092 -0.099 -0.087 -0.094 -0.029 -0.086 -0.083 -0.089 -0.084 -0.087 -0.076 -0.11 -0.095 -0.101 -0.111

Out 1050 -0.073 -0.066 -0.076 -0.081 -0.109 -0.106 -0.102 -0.108 -0.125 -0.127 -0.0124 -0.072 -0.062 -0.064 -0.072 -0.106 -0.107 -0.102 -0.109 -0.111 -0.113 -0.125 -0.124 -0.128 -0.11 -0.111 -0.112 -0.11 -0.114 -0.111 -0.116 -0.114 -0.104 -0.129 -0.137 -0.139 -0.134
1045 -0.025 -0.017 -0.022 -0.016 -0.04 -0.040 -0.047 -0.039 -0.046 -0.041 -0.053 -0.026 -0.029 -0.03 -0.031 -0.045 -0.033 -0.044 -0.039 -0.048 -0.046 -0.059 -0.056 -0.051 -0.053 -0.53 -0.021 -0.053 -0.053 -0.048 -0.051 -0.054 -0.041 -0.061 -0.071 -0.051 -0.057

Out 1044 -0.063 -0.037 -0.048 -0.047 -0.065 -0.055 -0.074 -0.076 -0.076 -0.083 -0.068 -0.059 -0.051 -0.067 -0.067 -0.073 -0.054 -0.071 -0.056 -0.139 -0.131 -0.127 -0.136 -0.133 -0.121 -0.126 -0.13 -0.129 -0.122 -0.13 -0.129 -0.133 -0.112 -0.129 -0.156 -0.14 -0.149
1043 0 -0.005 -0.013 -0.010 -0.010 0 0 0 0 0 0 0 0 0 -0.043 -0.032 -0.031 -0.024 -0.027 -0.043 -0.033 -0.042 -0.039 -0.043 -0.021 -0.039 -0.04 -0.017 -0.037 -0.039 -0.036 -0.04
1042 0 0 0 0 0 0 0 -0.005 0 0 0 -0.002 0 0 0 0 0 0 0 -0.032 -0.034 -0.017 -0.026 -0.029 -0.031 -0.031 -0.033 -0.032 -0.022 -0.036 -0.031 -0.029 -0.016 -0.021 -0.016 -0.018 -0.017
1041 -0.008 -0.007 -0.010 -0.003 -0.003 -0.005 0 0 0 0 0 0 0 -0.048 -0.048 -0.038 -0.144 -0.149 -0.079 -0.116 -0.05 -0.075 -0.041 -0.047 -0.043 -0.044 -0.035 -0.036 -0.041 -0.045 -0.058
1040 -0.006 -0.005 -0.008 -0.006 0 -0.009 0 0 0 0 0 0 0 -0.046 -0.046 -0.039 -0.037 -0.046 -0.046 -0.048 -0.029 -0.051 -0.051 -0.08 -0.077 -0.074 -0.044 -0.041 -0.043 -0.047 -0.052

Out 1040 0 0 0 0 0 -0.020 -0.022 -0.017 -0.015 -0.008 -0.015 -0.014 -0.022 -0.021 0 0 0 0 -0.063 -0.064 -0.055 -0.065 -0.061 -0.081 -0.088 -0.072 -0.078 -0.059 -0.061 -0.064 -0.061 -0.063 -0.059 -0.079 -0.081 -0.084
1039 0 0 0 0 0 0 0.000 0 0 0 0 0 0 0 0 0 0 0 -0.015 -0.015 -0.015 -0.019 -0.018 -0.018 -0.019 -0.006 -0.016 -0.005 -0.007 -0.014 -0.013 -0.016 0 -0.013 -0.013 -0.01
1037 0 0 0 0 0 -0.018 -0.012 -0.010 -0.009 -0.012 -0.014 -0.008 -0.007 -0.008 0 0 0 0 -0.059 -0.059 -0.065 -0.063 -0.067 -0.054 -0.076 -0.08 -0.079 -0.051 -0.057 -0.058 -0.053 -0.01 0 0 0 0
1036 -0.009 -0.011 -0.012 -0.008 -0.005 -0.029 -0.025 -0.015 -0.029 -0.029 -0.027 -0.022 -0.026 -0.026 0 0 0 0 -0.183 -0.188 -0.196 -0.186 -0.188 -0.199 -0.196 -0.2 -0.192 -0.191 -0.173 -0.187 -0.184 -0.005 0 0 0 -0.013
1035 -0.004 -0.006 -0.004 -0.011 -0.011 -0.009 -0.021 -0.018 -0.014 -0.016 -0.016 -0.024 -0.014 -0.019 -0.004 -0.016 -0.02 -0.006 -0.103 -0.106 -0.109 -0.122 -0.122 -0.101 -0.126 -0.111 -0.117 -0.105 -0.087 -0.099 -0.095 -0.001 0 0 0 -0.01

Out 1035 -0.008 -0.008 -0.010 -0.002 0 -0.004 -0.006 0 -0.005 0 -0.003 -0.002 0 0 -0.01 0 0 0 -0.036 -0.033 -0.039 -0.043 -0.04 -0.043 -0.04 -0.036 -0.038 -0.025 -0.038 -0.033 -0.034 0 0 0 0 0
1058 E -0.018 -0.017 -0.019 -0.015 -0.015 -0.018 -0.018 -0.024 -0.023 -0.021 -0.022 -0.019 -0.021 -0.022 -0.003 -0.018 -0.009 -0.005 -0.065 -0.071 -0.076 -0.077 -0.079 -0.076 -0.077 -0.081 -0.073 -0.076 -0.06 -0.079 -0.074 -0.005 0 0 -0.013 -0.014
1058 W -0.012 -0.015 -0.017 -0.012 -0.017 -0.021 -0.018 -0.023 -0.022 -0.022 -0.024 -0.025 -0.022 -0.021 0.011 -0.014 -0.007 -0.016 -0.111 -0.109 -0.103 -0.109 -0.117 -0.097 -0.119 -0.101 -0.099 -0.107 -0.092 -0.099 -0.106 -0.004 0 -0.009 -0.014 -0.018

1026 -0.033 -0.031 -0.036 -0.030 -0.035 -0.039 -0.046 -0.032 -0.029 -0.034 -0.031 -0.035 -0.029 -0.033 -0.025 -0.029 -0.031 -0.019 -0.122 -0.121 -0.129 -0.13 -0.136 -0.12 -0.133 -0.125 -0.139 -0.125 -0.118 -0.123 -0.127 -0.009 -0.01 -0.021 -0.023 -0.02
1025 -0.055 -0.068 -0.048 -0.052 -0.055 -0.051 -0.052 -0.042 -0.04 -0.039 -0.039 -0.066 -0.067 -0.068 -0.069 -0.066 -0.067 -0.064 -0.059 -0.076 -0.067 -0.071 -0.077 -0.069 -0.005 -0.011 -0.029 -0.042 -0.038
1014 -0.229 -0.214 -0.214 -0.224 -0.221 -0.222 -0.213 -0.217 -0.218 -0.216 -0.226 -0.223 -0.203 -0.227 -0.227 -0.227 -0.215 -0.218 -0.217 -0.218 -0.223 -0.222 -0.215 -0.209 -0.217 -0.221 -0.055 -0.061 -0.212 -0.219 -0.202
1011 -0.013 -0.054 -0.046 -0.058 -0.064 -0.055 -0.059 -0.052 -0.055 -0.061 -0.064 -0.054 -0.046 -0.049 -0.052 -0.011 -0.018 -0.062 -0.061 -0.054

SE Lobby -0.630 -0.651 -0.673 -0.617 -0.610 -0.609 -0.616 -0.606 -0.612 -0.625 -0.622 -0.583 -0.586 -0.591 -0.576 -0.584 -0.576 -0.555 -0.57 -0.57 -0.58 -0.569 -0.562 -0.575 -0.566 -0.572 -0.577 -0.565 -0.578 -0.571 -0.577 -0.181 -0.19 -0.612 -0.605 -0.573
BB 1 -0.016 -0.018 -0.018 -0.014 -0.019 -0.017 -0.020 -0.011 -0.005 -0.008 -0.006 0 -0.021 -0.022 -0.011 -0.009 -0.07 -0.006 -0.03 -0.026 -0.021 -0.021 -0.024 -0.023 -0.024 -0.019 -0.023 -0.017 -0.018 -0.016 -0.017 0 0 -0.019 -0.018 -0.004
BB 2 -0.019 -0.019 -0.018 -0.005 -0.013 -0.010 -0.009 0.000 0.000 -0.003 -0.003 0 0 0 0 0 -0.003 0 -0.005 -0.008 -0.009 -0.013 -0.015 -0.019 -0.016 -0.015 -0.02 -0.015 -0.011 -0.015 -0.009 0 0 -0.013 -0.011 0
BB 3 -0.053 -0.058 -0.057 -0.054 -0.051 -0.046 -0.046 -0.042 -0.048 -0.051 -0.053 -0.059 -0.034 -0.031 -0.045 -0.041 -0.046 -0.041 -0.056 -0.051 -0.065 -0.055 -0.057 -0.049 -0.048 -0.049 -0.048 -0.055 -0.053 -0.051 -0.056 -0.009 -0.013 -0.056 -0.039 -0.045
BB 4 -0.024 0 -0.016 -0.011 -0.009 -0.022 -0.022 -0.011 -0.024 -0.021 -0.024 -0.013 -0.011 -0.014 -0.012 0 0 -0.013 -0.012 0
BB 5 -0.021 -0.006 -0.024 -0.021 -0.023 -0.029 -0.029 -0.036 -0.026 -0.024 -0.032 -0.027 -0.025 -0.026 -0.024 0 0 -0.017 -0.025 -0.02

SW Garage (2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SW Garage (26) -0.254 -0.301 -0.302 -0.308 -0.305 -0.302
SW Garage (6) 0 0 0 0 0 0
SW Garage (19) 0 0 0 -0.005 0 0
SE Garage (11) -0.018 -0.019 -0.022 -0.031 -0.023 -0.026
SE Garage (14) 0 0 0 -0.003 -0.006 -0.02 -0.024 -0.037 -0.031 -0.029 -0.032 -0.025 -0.026 -0.024 -0.023 -0.036 -0.043 -0.06 -0.041 -0.039
NW Garage (80) 0 -0.108 -0.105 -0.005 -0.004 -0.015 -0.019 -0.029 -0.022 -0.025 -0.035 -0.032 -0.029 -0.031 -0.03 -0.035 -0.036 -0.039 -0.033 -0.019
NE Garage (36) -0.106 -0.004 -0.008 -0.116 -0.128 -1.512 -1.489 -1.553 -1.519 -1.544 -1.539 -1.571 -1.563 -1.561 -1.559 -1.599 -1.618 -1.615 -1.6 -1.61
N Mech Room 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

**Note: Blowers 2 and 7 were non-functional during the week ending July 15, 2023
Red highlighted cells indicate values below the desired level on -0.01 inH2O

Obar @ 75%Obar @ 50% Obar @ 75%Obar @ 50% Obar @ 75% | Radon Fan at Access Point 1 ON @ 12:45; OFF 
at 17:00

Obar @ 95% Obar @ 50% Note Obar @ 75%Obar @ 75% Obar @ 75% Obar @ 90%



Sample Location 30‐Mar 31‐Mar 1‐Apr 3‐Apr 4‐Apr 5‐Apr 6‐Apr 7‐Apr 10‐Apr 11‐Apr 12‐Apr 13‐Apr 14‐Apr 15‐Apr 17‐Apr 18‐Apr 19‐Apr 20‐Apr 21‐Apr 24‐Apr 25‐Apr 26‐Apr 27‐Apr 28‐Apr 1‐May 2‐May 3‐May 4‐May 5‐May 8‐May 9‐May 10‐May 11‐May 12‐May 15‐May 16‐May 17‐May 18‐May 19‐May 22‐May 23‐May 24‐May 25‐May 26‐May 30‐May 31‐May 1‐Jun 5‐Jun 7‐Jun 8‐Jun 9‐Jun 12‐Jun 13‐Jun 14‐Jun 15‐Jun 16‐Jun 23‐Jun 26‐Jun 3‐Jul 10‐Jul 11‐Jul 12‐Jul 14‐Jul

1045 Entry Floor Hole 400

1045 North Wall 360

1045 Wood Column 1500 352

1050 South Wall Hole 8000

1st Floor Hallway Center 15 3.5 17.7 64 25 81.1 35 42.7 63.3 106 181 147 8.5 22.4 7.4 7.8 4.7 17.7 2.7 14 9 3.5 2.3 3.49 21.2 3.48 5.39 2.38 3.6 0.24 0.1

1st Floor Hallway North 10

1st Floor Hallway South 5.2 0.947 1.92 1.96 0 0.4 0.39

2081 Hallway 0

2nd Floor Corridor North 0

2nd Floor Corridor South 0

2nd Floor Hallway Center 0.7 3 3.6 4.69 4.2 2.74 0.42 0.1

2nd Floor Hallway North 0.8 0

2nd Floor Hallway South 0.8

Stairwell 2 3.2 2 4.5 2.9 4.15

2nd Floor Stairwell 4 0 12.4 7.19

2nd Floor Stairwell 8 0

3rd Floor Corridor 0

3rd Floor Hallway Center 0 3.3 2 1.7 1.71 0.47 0.1

3rd Floor Hallway South 0

3rd Floor Stairwell 2 3.4 2.1 2.35

Stairwell 3 0.6 3.9 0.1 0.23 0.42

3rd Floor Stairwell 4 0.7 11.2

Basket Ball Court 0.3 12 1.84 8.96 2.65 0.2

Basket Ball Court 2 0 7.5 6.3 2.2 3 2.3 0.624 1.02 1.53 0 0.48

Basket Ball Court 3 1.56 0.536 0.24

Basket Ball Court 4 0.816 0.734
Elevator 0

Fitness Center 49.6 43.7 28.1 29.3 29 33.8 21 21 24.5 16.6 42.5 15.1 24.2 16.1 4.2 0.4 0.29 0.55 0.49 0.69

Front Lobby 0 4 0.56

NW Garage 0.6 14 0.62 0.85 0
N Garage 0 0 1.78 0.607 0 0.63 0.776 0.27
SE Garage  0.8 7.7 6.6 0.6 0.23

Hallway Outside 3021 0

Hallway Outside 3035 0

Hallway Outside 3065 0.7

N Mechanical Room 6.26 2.4 5.9 14.8 7 7.3 7.2 5.3 7.9 10 7 7.2 7.8 4.5 13.7 11.5 10.1 10.9 11.8 6.89 10.7 0.737 1.5 7.7 3.4 2.2 2.86

Men's Locker Room 60.7 123 122 428 82.9 161 131 23.7 28.3 58 31.6 53.3 52.3 7.62 21.7 0.5 0.2 0.56 0.47 0.6

Women's Locker Room 45 25.8 0.4 0.5

Powerhouse 0.7 3.2

Unit 1002 ‐ Postboxes 0

Unit 1006 0.3 0 4.3 1.4 2.97 2.4 1.7 0.737 0 0.21

SSD Vent Pipe #1 ‐ S ‐ 7.5 HP 13 22 24.5 22 24.8 24 26.7 26.2 28 28 30.3 31.4 34.6 28.2 36.4 33.1 35.2 32 31.4 28.6 26.1 27.9 25.7 26.2 21.9 27.01 26.7 7.04 19.6 21.7
SSD Vent Pipe #2 ‐ S ‐ 10 HP 26 30 21.9 16.4 18.7 17.2 44.4 19.5 19 47.7 29.3 57.8 20.5 21.1 19.8 21.4 20.9 20.7 20.6 28.5 1.2 20 15.7 18.7 18.2 19.3 11.1 33.8 18.4
SSD Vent Pipe #3 ‐ N ‐ 7.5 HP 17.6 2.2 3 5 3.3 3 4.3 11.9 7.17 16.7 11.3 9.4 8.1 5.3 6.1 7.2 43.5 6.1 8.6 5.9 4.97 0 3.47 3.41 1.85 4.8
SSD Vent Pipe #4 ‐ N ‐ 10 HP 41.2 29.5 33 39 37 38.7 39.1 29.3 44 41.9 36.8 38.2 35 42.8 43.1 46.3 5.7 44.4 38.3 37.7 22.4 4.83 31.1 21.9 4.7 20.2

 SW Garage 11.3 21 20.3 25.2 26.1 23.6 25.5 21.4 0.683 1.15 0 7.84 0.3 0.33

Stairwell 4 1.6 2.2 2.7 2.6 14.4 7 12 6 9.03 3 0.34 0.24 0.33 0.2

Stairwell 6

Stairwell 7

Unit 1011 2.61 0

Unit 1014 0 0 0.21 0 0.1

Unit 1025 0 0.96 3.6 4.8 1.1 0 0 0 0.31

Unit 1026 0.3 0 1.67 0 0 0.7 0.1

Unit 1035 0.3 1.1 0.22 0.28 0.1 0.1

Unit 1036 0.5 1.37 4.59 2.37 1.2 6.9 0.26 0.3

Unit 1037 2 0.9 3.7 0.46 0.35 0.1 0.1

Unit 1039 4.7 11.4 8 3.4 1.4 5.18 6.06 1.19 8.1 0.7 0.3 0.27 0.19 0.1

Unit 1040 10.3 12.7 14.5 21.2 22.6 11.2 7.37 7.25 5.29 11.5 0.6 0.24

Unit 1041 11.6 19.9 16.8 14.4 13 7.07 9.13 10.9 0.51 0.19 1.66

Unit 1042 11.4 16.2 15.2 12.6 9.3 15.5 11.9 13.1 8.22 13.6 6.61 0.53 1.42 5.16 3.88 10.1 5.3 4 19.2 0.8 0.24 0.1 0.1 0.82

Unit 1043 17.6 21.6 31.3 24 117 12.2 11.7 0.53 0.32 0.47 1.19

Unit 1044 56 77 95 69.7 84.5 85.8 45.6 53.3 37.6 29.3 37.8 65.2 11.7 1.7 1.85 3.2 1.67 1.79 1.76 2.1

Unit 1045 350 293 298 287 272 267 279 28.9 230 352 236 151.5 124 336 115 283 61 127 116 112 221 51.3 26.6 90.3 132 121 220 38.4 33.8 17.2 14.3 22.6 9.82 60.7 14.9 24.1 46.3 13.7 38.1 103 26 23.3 14.4 2.4 5.26 3.84 3.33 2.99 2.88 2.57

Unit 1048 86.2 45.7 121 19.8 13.5 0.33 0.43 0.72 0.1 0.55

Unit 1049 142 159 96.9 66.1 21.4 30.3 21.8 23.6 1.2 0.58 2.5 1.03

Unit 1050 160 137 143 110 348 280 108 135 114 706 145 60 118 142 149 110 77.8 131 138 152 113 71.7 199 231 194 186 95.5 174 67.5 297 80.2 75.7 228 77.9 103 90.7 90.9 88.5 147 170 116 78.4 60.4 27.3 10.3 3.4 3.05 2.28 1.95 2.12 2.17 1.62

Unit 1051 19 23 25.4 45.3 52.7 39.8 18.2 16.9 0.76 0.38 0.26 1.35

Unit 1052 72.5 88.7 96.6 95.7 128 103 88.6 51.4 38.4 70.5 57.2 70.3 72 20.2 73.6 62.6 340 76 70.7 55.7 32 16.8 21.1 14.5 0.23 0.36 0.35 0.1

Unit 1056 24.8 44 14.6

Unit 1057 0

Unit 1058 1.46 0 0.21 0.34

Unit 1079 152

Unit 2014 48.8 0 0.35 0.1 0.54

Unit 2015 0.77

Unit 2016 0 0.1

Unit 2017 0 0.1

Unit 2022 0

Unit 2025 0 0.1

Unit 2036 0 0

Unit 2037 0

Unit 2039 0 2.5 2.5 0.77

Unit 2040 0 0 0 0.1

Unit 2042 0 2.5 0.1

Unit 2043 0.4 0

Unit 2044 0

Unit 2045 23 18 8 9 2.9 3.7 5.2 19.1 1.36 0.99 1.97 2.99 11.8 0.52

Unit 2049 1.07

Unit 2056 60 52 42.2 24.7 49.2 9.6 3.4 6.6 1.5 1.11 5.89 11.5 66.4 1 0.1 1.23

Unit 2057 4.7 1.24 0.64 0.1 0.49

Unit 2058 3.8 4.2 8.5 3.8 2.9 0.1 1.05

Unit 2059 0.3 0 0.1 0.21

Unit 2061 0

Unit 2062 0

Unit 2063 0.1

Unit 2064 0 1 1.78

Community Within the Corridor ‐ East Block

Table 6 ‐ GC TCE Measurements of Indoor Air



Unit 2065 0.1

Unit 2068 0.1

Unit 2077 0 1.6 1.7 0.838 0.1

Unit 2079 0.1

Unit 2111 0 0

Unit 2112 0.1

Unit 2114 0.1

Unit 2116 0.1

Unit 3014 0.35 0.1

Unit 3015 0 0

Unit 3016 0.1

Unit 3017

Unit 3020 0.1

Unit 3021 0.1

Unit 3023 0

Unit 3025 0

Unit 3035 0

Unit 3036 0

Unit 3037 0 2 ND

Unit 3039 0 1.8

Unit 3040 0 0

Unit 3041 0 2.45

Unit 3042 0

Unit 3043 0

Unit 3044 0

Unit 3045 6.6 2.7 2.7 0 3.75 8.11

Unit 3056 6 9.6 2.4 5.13 0.9 2.4 2.4 0 1.21 6.99 0.22

Unit 3057 0 0 0.3 0.1 0.43

Unit 3058 0

Unit 3059 0

Unit 3061 0

Unit 3062 0 0.1 0.56

Unit 3063 0

Unit 3079 0.1

Unit 3092 1.67

Table 6 ‐ GC TCE Measurements of Indoor Air



Table 7
GC TCE Measurements of Sub-Slab Vapors

Location Week of 6/3 Week of 6/17 Week of 6/24 Week of 7/1 Week of 7/8 Week of 7/15
1055 Women's Locker Room 46.5 17.3 13.5 25.8 9.89
1054 Fitness Room 596 0.8 4.8 0.483 2.6 2.23
1053 Men's Locker Room 102.3 71.31 55.7 76.2 26.5

Oppo. 1054 58.9 55.6 46.9 48.2 53.3
Stairwell 4 252.5 6.3 27.4 22.1 14.2

1052 Mechanical Room 63.9 38.1 14.9 5.96 4.97
1051 47.3 32.4 22.7 25.8 12.6
1049 Storage Room 426 2.6 3.38 1.76 2 2.25
1048 Laundry Room 322 679 572 561 637 556
1050 1443 303.4 377 265 283 275

Out 1050 971 113.1 10.1 64.1 46.3 72.8
1045 750 271.6 206 253 238 222

Out 1044 456 380.5 364 419 205 376
1043 178.5 185 7.92 14.3 10.7
1042 11.8 15.93 10.4 2.67 1.22 6.43
1041 108.7 13.2 4.48 4.24 18.8
1040 1.6 11.7 16.1 3.22 1.13 3.83

1040 - out 21.3 3.1 10.3 5
1039 23.5 62.2 4.3 15.2 23.8 16.5
1037 240.4 4.3 11.04 50.1 43.7
1036 17.2 5.5 2.85 10.2 6.13
1035 0.8 7 0.534 1.4 1.61

1035 - out 87 55.4 73.2 98.9 95.1
1058 E Electric Room 433.8 1.5 87 307 181
1058 W Electric Room 73.3 6.99 0.1 5.3 3.19

1026 16.7 6.6 7.39 20.8 14.8
1025 2.2 2.1 1.01 10.5 2.15
1014 23.9 2.2 21.2 124 44.7
1011 Conference Room 17.5 1.6 1.5 5.24 0.6

SE Lobby Near Exit 328 0.46 0.5 0.1 0.37 0.1
BB 1 SW of the Gym 73 25.1 553 571
BB 2 South part of the Gym 30.8 1.5 286 65 43
BB 3 SE part of the Gym 2.2 1.6 0.733 1.05 7.5
BB 4 N of the Gym 2.6 1.9 0.569 0.77 3.37
BB 5 Center of the Gym 58.9 1.9 27.5 87 86.5

SW Garage (2) 227.4 63.7 300 307 317
SW Garage (26) 24.3 22.3
SW Garage (6) 43.9 2.7

SW Garage (19) 7.49 2.61
SE Garage (11) 49.5 17.8
SE Garage (14) 10.3 1.6 1.24 2.02 1.99
NW Garage (80) 141.5 4.7 12.7 27.2 21.2
NE Garage (36) 24.8 2.8 9.87 13 6.07
N Mech Room 60.2 147 27.07 18.7 0.98

Green cells indicate the VRSL levels below the DNR limit of 70 ug/m3
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GENERAL FLOOR PLAN NOTES TO CONTRACTOR

1. THIS DRAWING IS FURTHER SUPPORTED BY INFORMATION CONTAINED IN THE SPECIFICATION MANUAL.
2. DO NOT SCALE DRAWINGS.  CONTRACTOR TO VERIFY ALL CONDITIONS AND DIMENSIONS AT THE JOB SITE PRIOR TO

COMMENCING CONSTRUCTION.
3. FINISH FLOOR ELEVATIONS ARE TO THE TOP OF THE FINISHED FLOOR MATERIAL UNLESS OTHERWISE NOTED.
4. CONTRACTORS SHALL JOINTLY PROVIDE AND INSTALL ALL STIFFENERS, BRACING, BACKING PLATES, WALL BLOCKING AND

SUPPORTING BRACKETS REQUIRED FOR THE INSTALLATION OF CASEWORK, TOILET ACCESSORIES, PARTITIONS.
MILLWORK, AND ALL WORK MOUNTED OR SUSPENDED BY ALL TRADES.

5. SEE SHEET A002 FOR PARTITION TYPES AND DETAILS.
6. DIMENSIONS AT EXTERIOR WALLS ARE TO STRUCTURAL WALL ONLY AND DO NOT INCLUDE FINISHES.

DIMENSIONS AT EXTERIOR WALLS ARE TO STRUCTURAL WALL ONLY AND DO NOT INCLUDE FINISHES.

GENERAL INFORMATION NOTES TO CONTRACTOR

1. THESE DRAWINGS ARE DIAGRAMMATIC AND SHOW THE INTENT OF THE PROJECT, BUT DO NOT
NECESSARILY INDICATE ALL MATERIALS OR METHODS OF CONSTRUCTION. ALL CONTRACTORS
ARE RESPONSIBLE TO REVIEW THE DOCUMENTS THOROUGHLY, AND FOR PROVIDING ALL
MATERIALS AND MEANS OF CONSTRUCTION NECESSARY FOR THE COMPLETION OF THE WORK IN
ACCORDANCE WITH THE INTENT OF THE DRAWINGS.

2. ALL WORK OF ALL TRADES, SHALL BE COMPLETED IN ACCORDANCE WITH ALL LOCAL GOVERNING
CODES AND ORDINANCES.

3. EACH CONTRACTOR SHALL COORDINATE THEIR WORK WITH THE OWNER, THE OWNER'S OTHER
CONTRACTORS, AND ALL OTHERS AT THE SITE.

4. EACH CONTRACTOR IS TO OBTAIN AND PAY FOR PERMITS, LICENSES, FEES, ETC. AS REQUIRED
FOR THE COMPLETION OF THEIR PORTION OF WORK.

5. EACH CONTRACTOR SHALL VERIFY ALL CONDITIONS AND DIMENSIONS AT THE SITE TO SATISFY
THEIR EXECUTION OF THE WORK. ANY DISCREPANCIES SHALL BE REPORTED TO THE
ARCHITECT. NEITHER THE OWNER NOR THE ARCHITECT ASSUMES RESPONSIBILITY FOR
CONDITIONS OR DIMENSIONS SHOWN AS EXISTING.

6. IF ANY CONTRACTOR OBSERVES THAT ANY OF THE CONTRACT DOCUMENTS ARE AT VARIANCE
WITH APPLICABLE LAWS, STATUES, BUILDING CODES, OR ORDINANCES, THEY SHALL PROMPTLY
NOTIFY THE ARCHITECT.

7. ALL HOLES FOR PLUMBING, ELECTRICAL, HVAC, FIRE PROTECTION CONDUIT, PIPING, OR
DUCTWORK ARE TO BE REPAIRED BY THE ASSOCIATED TRADE.

8. ALL TRADES SHALL TAKE CARE TO MAKE HOLES ONLY AS LARGE AS NECESSARY. ALL HOLES
SHALL BE NEATLY CUT. DO NOT PUNCH OR POUND HOLES IN WALLS OR ROOF DECK.

9. ANY HOLES OR PENETRATIONS THROUGH FIRE RATED CONSTRUCTION SHALL BE
APPROPRIATELY FIRE STOPPED, DAMPENED, OR SEALED AS REQUIRED BY CODE.

10. EACH CONTRACTOR SHALL INCLUDE NECESSARY DEMOLITION AND REMOVAL OF ALL MATERIAL
AS REQUIRED TO PERFORM THEIR WORK.

11. REMOVAL OF ALL HAZARDOUS CONTAINING MATERIALS IS THE SOLE RESPONSIBILITY OF THE
OWNER. SHOULD ANY MATERIALS BE ENCOUNTERED DURING ANY OF THE CONSTRUCTION
PHASES CONTAINING, OR SUSPECTED TO BE HAZARDOUS: CONTRACTOR SHALL STOP WORK
IMMEDIATELY AND NOTIFY OWNER AND ARCHITECT.

12. DO NOT SCALE DRAWINGS.
13. EACH CONTRACTOR SHALL PATCH, LEVEL, AND PREPARE ALL WALLS AND FLOORS AS

SCHEDULED AND REQUIRED TO RECEIVE NEW FINISHES.

SEE PROJECT GENERAL CONDITIONS, GENERAL INFORMATION ON SHEET A001 AND SELECTIVE DEMOLITION, CUTTING AND
PATCHING SPECIFICATIONS THAT ARE USED IN ASSOCIATION WITH THESE NOTES.

NEW WORK PLAN KEY NOTES APPLY TO ALL NEW WORK DRAWINGS AND MAY NOT BE USED ON EVERY SHEET.

NEW WORK PLAN KEY NOTES - 1/8" PLANS

029 SEE UNIT 2095 ENLARGED PLAN.  UNIT MAY BE MIRRORED.
030 SEE UNIT 2111 ENLARGED PLAN.  FOR UNIT 3110: SEE UNIT 2110.
031 SEE UNIT 2117 ENLARGED PLAN.
032 UNIT TO INCLUDE AUDIO AND VISUAL ALARM DEVICES FOR THE HEARING AND VISUALLY IMPAIRED.  COORDINATE

LOCATION WITH ELECTRICAL DRAWINGS
033 EXISTING HISTORIC SLIDING FIRE DOOR ASSEMBLY TO REMAIN IN PLACE.  SECURE SLIDING DOOR IN A FULLY OPEN

POSITION WITH METAL Z-BRACKETS. SEE SALVAGED DOOR SCHEDULE FOR MORE INFO.
034 NEW GYPSUM BOARD INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 1/A710E
035 EXISTING HISTORIC WINDOW ASSEMBLY TO REMAIN.  PREPARE EXISTING WINDOW FOR NEW PAINT FINISH.  REPLACE

DAMAGED OR MISSING GLAZING TO MATCH EXISTING.
036 NEW CMU INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 3/A710E
037 NEW METAL PANEL INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 1/A510E
038 NEW BRICK AND CMU INFILL AT EXISTING WALL OPENING.
039 NEW BRICK MASONRY INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 3/A710E
040 EXISTING CONCRETE FLOOR WITH NEW WATERPROOF TRAFFIC COATING
041 EXISTING HISTORIC SLIDING FIRE DOOR ASSEMBLY TO REMAIN.  SECURE SLIDING DOOR IN A CLOSED POSITION WITH

METAL Z-BRACKETS.  SEE SALVAGED DOOR SCHEDULE FOR MORE INFO.
042 NEW BRICK MASONRY AND GYPSUM BOARD INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 5/A710E
043 NEW CMU AND GYPSUM BOARD INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 6/A710E
044 NEW WOOD FLOOR INFILL.  NEW WOOD FRAMING TO MATCH EXISTING.  NEW WOOD SUBFLOORING TO MATCH

DIMENSIONS OF EXISTING AND TO RUN IN THE SAME DIRECTIONAS EXISTING.  REINSTALL EXISTING SALVAGED FINISH
FLOORING, RUN IN THE SAME DIRECTION AS EXISTING.  SEE STRUCTURAL FOR DETAILING.

045 NEW CONCRETE ON METAL DECK INFILL WITH SPRAY-APPLIED FIRE RESISTIVE MATERIAL AT NEW STEEL BEAMS AND
ANGLES TO MAINTAIN FLOOR ASSEMBLY FIRE RATING.  SEE OVERVIEW FLOOR PLANS FOR REQUIRED FLOOR ASSEMBLY
FIRE RATINGS.  SEE STRUCTURAL FOR DETAIL

046 NEW CONCRETE FLOOR INFILL, SEE STRUCTURAL
047 NEW PREFINISHED METAL MECHANICAL LOUVER IN EXISTING MASONRY OPENING
048 ENTIRE EXISTING HISTORIC WOOD DOOR ASSEMBLY INCLUDING ALL EXTERIOR AND INTERIOR WOOD TRIM COMPONENTS

TO REMAIN.  ALL WOOD COMPONENTS TO BE SANDED, REPLACED IN KIND AND PREPARED FOR NEW FINISHES THAT
MATCH EXISTING FINISHES.  ANY MISSING WOOD COMPONENTS (DOOR ASSEMBLY, INTERIOR/EXTERIOR TRIM
COMPONENTS) TO BE REPLACED WITH SIMILAR WOOD SPECIES AND TO MATCH EXISTING PROFILES THAT REMAIN.  ALL
EXISTING DOOR HARDWARE TO BE REMOVED, SANDED AND PREPARED FOR NEW FINISH AND REINSTALLATION.

SEE PROJECT GENERAL CONDITIONS, GENERAL INFORMATION ON SHEET A001 AND SELECTIVE DEMOLITION, CUTTING AND
PATCHING SPECIFICATIONS THAT ARE USED IN ASSOCIATION WITH THESE NOTES.

NEW WORK PLAN KEY NOTES APPLY TO ALL NEW WORK DRAWINGS AND MAY NOT BE USED ON EVERY SHEET.

NEW WORK PLAN KEY NOTES - 1/8" PLANS

001 SEE UNIT 1025 ENLARGED PLAN.
002 SEE UNIT 1026 ENLARGED PLAN.
003 SEE UNIT 1035 ENLARGED PLAN.  UNIT MAY BE MIRRORED.
004 SEE UNIT 1037 ENLARGED PLAN.
005 SEE UNIT 1039 ENLARGED PLAN.
006 SEE UNIT 1040 ENLARGED PLAN.
007 SEE UNIT 1041 ENLARGED PLAN.
008 SEE UNIT 1042 ENLARGED PLAN.
009 EXISTING HISTORIC SLIDING FIRE DOOR ASSEMBLY TO REMAIN.  SECURE SLIDING DOOR IN A PARTIALLY CLOSED

POSITION WITH METAL Z-BRACKETS.  SEE PLAN FOR POSITION.  SEE SALVAGED DOOR SCHEDULE FOR MORE INFO.
010 SEE UNIT 1045 ENLARGED PLAN.
011 SEE UNIT 1050 ENLARGED PLAN.  UNIT IS MIRRORED.
012 SEE UNIT 2014 ENLARGED PLAN.
013 SEE UNIT 2015 ENLARGED PLAN.
014 SEE UNIT 2016 ENLARGED PLAN.
015 SEE UNIT 2017 ENLARGED PLAN.
016 SEE UNIT 2023 ENLARGED PLAN.
017 SEE UNIT 2061 ENLARGED PLAN.
018 SEE UNIT 2063 ENLARGED PLAN.
019 SEE UNIT 2067 ENLARGED PLAN.  UNIT MAY BE MIRRORED.
020 SEE UNIT 2068 ENLARGED PLAN.  UNIT MAY BE MIRRORED.
021 SEE UNIT 2070 ENLARGED PLAN.  UNIT TYPE IS A STUDIO ON LEVEL 03.
022 SEE UNIT 2071 ENLARGED PLAN.
023 SEE UNIT 2077 ENLARGED PLAN.
024 SEE UNIT 2079 ENLARGED PLAN.
025 SEE UNIT 2082 ENLARGED PLAN.  FOR UNIT 3082: SEE UNIT 2082 ENLARGED PLAN.
026 SEE UNIT 2092 ENLARGED PLAN.
027 SEE UNIT 2093 ENLARGED PLAN.
028 SEE UNIT 2094 ENLARGED PLAN.  UNIT MAY BE MIRRORED.

SEE PROJECT GENERAL CONDITIONS, GENERAL INFORMATION ON SHEET A001 AND SELECTIVE DEMOLITION, CUTTING AND
PATCHING SPECIFICATIONS THAT ARE USED IN ASSOCIATION WITH THESE NOTES.

NEW WORK PLAN KEY NOTES APPLY TO ALL NEW WORK DRAWINGS AND MAY NOT BE USED ON EVERY SHEET.

NEW WORK PLAN KEY NOTES - 1/8" PLANS(2)

049 EXISTING HISTORIC WINDOW ASSEMBLY TO REMAIN.  CLEAN/SCRAPE/PREPARE EXISTING WINDOW FRAMES TO RECEIVE
NEW PAINT.  EXISTING GLAZING TO BE REMOVED.

050 REPLACE ALL BROKEN/CRACKED AND MISSING GLASS LITES AT HISTORIC LIGHT MONITOR
051 NEW GYPSUM BOARD INFILL WALL ASSEMBLY AT EXISTING OPENING TO BE 3 HOUR FIRE RATED, SEE 10/A710E SIM.
052 EXISTING HISTORIC WINDOW ASSEMBLY TO REMAIN.  PREPARE EXISTING WINDOW FOR NEW PAINT FINISH.  EXISTING

GLAZING TO REMAIN.  NEW GLAZING NOT REQUIRED.
053 EXSITING HISTORIC DOOR ASSEMBLY TO REMAIN.  PREPARE EXISTING DOOR ASSEMBLY FOR NEW PAINT FINISH.
054 ALIGN DEMISING WALL WITH EDGE OF HISTORIC MASONRY OPENING.
055 ALIGN CENTER OF WALL WITH CENTERLINE OF HISTORIC COLUMN.
056 AT LEVEL 02: ALIGN EDGE OF DEMISING WALL WITH EDGE OF HISTORIC CONCRETE DROP SLAB.  AT LEVEL 03: ALIGN EDGE

OF DEMISING WALL WITH EDGE OF HISTORIC CONCRETE DROP SLAB AS IT OCCURS ON THE LEVEL BELOW.
057 ALIGN CENTERLINE OF WALL WITH CENTERLINE OF WINDOW MULLION.
058 CRITICAL KITCHEN CLEARANCES AT HISTORIC COLUMN.  VERIFY BEFORE FRAMING DEMISING WALLS AND REPORT TO

ARCHITECT IF THERE ARE ANY ISSUES.
059 EXSITING HISTORIC DOOR ASSEMBLY TO REMAIN.  PERMANENTLY SECURE BOTH DOORS IN CLOSED POSITION.  PREPARE

EXISTING DOOR ASSEMBLY FOR NEW PAINT FINISH.
060 EXISTING HISTORIC OPENING AT REMOVED WINDOW.  SEE DEMOLITION PLANS FOR ADDITIONAL INFORMATION.
060 NEW CMU WALL TO CLOSE OFF FILLED-IN UNDERGROUND TUNNEL, SEE STRUCTURAL
061 EXTEND WALL TO DEMISING WALL, TYP.  SHIFT ANY PLUMBING FIXTURES OR CLOSETS AGAINST DEMISING WALL.
062 EXISTING TRANSOM WINDOW ABOVE TO REMAIN, PREPARE SURFACES FOR NEW PAINT.  EXISTING DOOR FRAME TO

REMAIN, PREPARE SURFACES FOR NEW PAINT
063 NEW CONCRETE AREA WELL WALLS, SEE STRUCTURAL
064 BUILD WALL TYPE P6 UNIT DEMISING WALL WITH RESILIENT CHANNEL ON THIS SIDE.
065 NEW CONCRETE STOOP WITH FROST WALLS, SEE STRUCTURAL
066 NEW BRICK MASONRY WALL REBUILT WITH SALVAGED AND NEW BRICK TO MATCH EXISTING.  REBUILT WALL TO MATCH

FEATURES OF EXISTING, REMOVED BRICK MASONRY WALL INCLUDING, BUT NOT LIMITED TO WIDTH/DEPTH OF REMOVED
WALL, HEIGHT OF REMOVED WALL, AND ALL ARCHES ABOVE EXISTING WINDOW OPENINGS.

067 EXISTING HANDRAILS TO REMAIN.  REFASTEN EXISTING HANDRAILS TO EXISTING WALLS IF LOOSE OR FAILING.  PREPARE
EXISTING HANDRAILS FOR NEW PT-_

068 NEW 4" PAINTED FLOOR STRIPING LEADING TO EXIT STAIR
069 NEW 1-1/2" DIA., 3'-0" TALL METAL RAILING WITH ONE TOP RAIL.  PAINT PT-_
070 REPLACE IN-KIND (SIZE, SPECIES AND INSTALLATION DIRECTION) ALL ROTTED AND DETERIORATED WOOD FLOORING

AFTER EXISTING STEEL PLATES ARE REMOVED.  ENTIRE LOADING DOCK WOOD FLOORING TO BE SANDED AND PREPARED
FOR NEW TRANSPARENT FINISH COATING

071 NEW SLOPED/FEATHERED POLISHED EPOXY FLOOR TOPPING TO TRANSITION AT FLOOR ELEVATION CHANGE.  SLOPE AT
1:20

1 10/09/20 Addendum #1
2 10/13/20 Addendum #2
1 10/09/20 Addendum #1
2 10/13/20 Addendum #2
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GENERAL FLOOR PLAN NOTES TO CONTRACTOR

1. THIS DRAWING IS FURTHER SUPPORTED BY INFORMATION CONTAINED IN THE SPECIFICATION MANUAL.
2. DO NOT SCALE DRAWINGS.  CONTRACTOR TO VERIFY ALL CONDITIONS AND DIMENSIONS AT THE JOB SITE PRIOR TO

COMMENCING CONSTRUCTION.
3. FINISH FLOOR ELEVATIONS ARE TO THE TOP OF THE FINISHED FLOOR MATERIAL UNLESS OTHERWISE NOTED.
4. CONTRACTORS SHALL JOINTLY PROVIDE AND INSTALL ALL STIFFENERS, BRACING, BACKING PLATES, WALL BLOCKING AND

SUPPORTING BRACKETS REQUIRED FOR THE INSTALLATION OF CASEWORK, TOILET ACCESSORIES, PARTITIONS.
MILLWORK, AND ALL WORK MOUNTED OR SUSPENDED BY ALL TRADES.

5. SEE SHEET A002 FOR PARTITION TYPES AND DETAILS.
6. DIMENSIONS AT EXTERIOR WALLS ARE TO STRUCTURAL WALL ONLY AND DO NOT INCLUDE FINISHES.

DIMENSIONS AT EXTERIOR WALLS ARE TO STRUCTURAL WALL ONLY AND DO NOT INCLUDE FINISHES.

GENERAL INFORMATION NOTES TO CONTRACTOR

1. THESE DRAWINGS ARE DIAGRAMMATIC AND SHOW THE INTENT OF THE PROJECT, BUT DO NOT
NECESSARILY INDICATE ALL MATERIALS OR METHODS OF CONSTRUCTION. ALL CONTRACTORS
ARE RESPONSIBLE TO REVIEW THE DOCUMENTS THOROUGHLY, AND FOR PROVIDING ALL
MATERIALS AND MEANS OF CONSTRUCTION NECESSARY FOR THE COMPLETION OF THE WORK IN
ACCORDANCE WITH THE INTENT OF THE DRAWINGS.

2. ALL WORK OF ALL TRADES, SHALL BE COMPLETED IN ACCORDANCE WITH ALL LOCAL GOVERNING
CODES AND ORDINANCES.

3. EACH CONTRACTOR SHALL COORDINATE THEIR WORK WITH THE OWNER, THE OWNER'S OTHER
CONTRACTORS, AND ALL OTHERS AT THE SITE.

4. EACH CONTRACTOR IS TO OBTAIN AND PAY FOR PERMITS, LICENSES, FEES, ETC. AS REQUIRED
FOR THE COMPLETION OF THEIR PORTION OF WORK.

5. EACH CONTRACTOR SHALL VERIFY ALL CONDITIONS AND DIMENSIONS AT THE SITE TO SATISFY
THEIR EXECUTION OF THE WORK. ANY DISCREPANCIES SHALL BE REPORTED TO THE
ARCHITECT. NEITHER THE OWNER NOR THE ARCHITECT ASSUMES RESPONSIBILITY FOR
CONDITIONS OR DIMENSIONS SHOWN AS EXISTING.

6. IF ANY CONTRACTOR OBSERVES THAT ANY OF THE CONTRACT DOCUMENTS ARE AT VARIANCE
WITH APPLICABLE LAWS, STATUES, BUILDING CODES, OR ORDINANCES, THEY SHALL PROMPTLY
NOTIFY THE ARCHITECT.

7. ALL HOLES FOR PLUMBING, ELECTRICAL, HVAC, FIRE PROTECTION CONDUIT, PIPING, OR
DUCTWORK ARE TO BE REPAIRED BY THE ASSOCIATED TRADE.

8. ALL TRADES SHALL TAKE CARE TO MAKE HOLES ONLY AS LARGE AS NECESSARY. ALL HOLES
SHALL BE NEATLY CUT. DO NOT PUNCH OR POUND HOLES IN WALLS OR ROOF DECK.

9. ANY HOLES OR PENETRATIONS THROUGH FIRE RATED CONSTRUCTION SHALL BE
APPROPRIATELY FIRE STOPPED, DAMPENED, OR SEALED AS REQUIRED BY CODE.

10. EACH CONTRACTOR SHALL INCLUDE NECESSARY DEMOLITION AND REMOVAL OF ALL MATERIAL
AS REQUIRED TO PERFORM THEIR WORK.

11. REMOVAL OF ALL HAZARDOUS CONTAINING MATERIALS IS THE SOLE RESPONSIBILITY OF THE
OWNER. SHOULD ANY MATERIALS BE ENCOUNTERED DURING ANY OF THE CONSTRUCTION
PHASES CONTAINING, OR SUSPECTED TO BE HAZARDOUS: CONTRACTOR SHALL STOP WORK
IMMEDIATELY AND NOTIFY OWNER AND ARCHITECT.

12. DO NOT SCALE DRAWINGS.
13. EACH CONTRACTOR SHALL PATCH, LEVEL, AND PREPARE ALL WALLS AND FLOORS AS

SCHEDULED AND REQUIRED TO RECEIVE NEW FINISHES.

SEE PROJECT GENERAL CONDITIONS, GENERAL INFORMATION ON SHEET A001 AND SELECTIVE DEMOLITION, CUTTING AND
PATCHING SPECIFICATIONS THAT ARE USED IN ASSOCIATION WITH THESE NOTES.

NEW WORK PLAN KEY NOTES APPLY TO ALL NEW WORK DRAWINGS AND MAY NOT BE USED ON EVERY SHEET.

NEW WORK PLAN KEY NOTES - 1/8" PLANS

029 SEE UNIT 2095 ENLARGED PLAN.  UNIT MAY BE MIRRORED.
030 SEE UNIT 2111 ENLARGED PLAN.  FOR UNIT 3110: SEE UNIT 2110.
031 SEE UNIT 2117 ENLARGED PLAN.
032 UNIT TO INCLUDE AUDIO AND VISUAL ALARM DEVICES FOR THE HEARING AND VISUALLY IMPAIRED.  COORDINATE

LOCATION WITH ELECTRICAL DRAWINGS
033 EXISTING HISTORIC SLIDING FIRE DOOR ASSEMBLY TO REMAIN IN PLACE.  SECURE SLIDING DOOR IN A FULLY OPEN

POSITION WITH METAL Z-BRACKETS. SEE SALVAGED DOOR SCHEDULE FOR MORE INFO.
034 NEW GYPSUM BOARD INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 1/A710E
035 EXISTING HISTORIC WINDOW ASSEMBLY TO REMAIN.  PREPARE EXISTING WINDOW FOR NEW PAINT FINISH.  REPLACE

DAMAGED OR MISSING GLAZING TO MATCH EXISTING.
036 NEW CMU INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 3/A710E
037 NEW METAL PANEL INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 1/A510E
038 NEW BRICK AND CMU INFILL AT EXISTING WALL OPENING.
039 NEW BRICK MASONRY INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 3/A710E
040 EXISTING CONCRETE FLOOR WITH NEW WATERPROOF TRAFFIC COATING
041 EXISTING HISTORIC SLIDING FIRE DOOR ASSEMBLY TO REMAIN.  SECURE SLIDING DOOR IN A CLOSED POSITION WITH

METAL Z-BRACKETS.  SEE SALVAGED DOOR SCHEDULE FOR MORE INFO.
042 NEW BRICK MASONRY AND GYPSUM BOARD INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 5/A710E
043 NEW CMU AND GYPSUM BOARD INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 6/A710E
044 NEW WOOD FLOOR INFILL.  NEW WOOD FRAMING TO MATCH EXISTING.  NEW WOOD SUBFLOORING TO MATCH

DIMENSIONS OF EXISTING AND TO RUN IN THE SAME DIRECTIONAS EXISTING.  REINSTALL EXISTING SALVAGED FINISH
FLOORING, RUN IN THE SAME DIRECTION AS EXISTING.  SEE STRUCTURAL FOR DETAILING.

045 NEW CONCRETE ON METAL DECK INFILL WITH SPRAY-APPLIED FIRE RESISTIVE MATERIAL AT NEW STEEL BEAMS AND
ANGLES TO MAINTAIN FLOOR ASSEMBLY FIRE RATING.  SEE OVERVIEW FLOOR PLANS FOR REQUIRED FLOOR ASSEMBLY
FIRE RATINGS.  SEE STRUCTURAL FOR DETAIL

046 NEW CONCRETE FLOOR INFILL, SEE STRUCTURAL
047 NEW PREFINISHED METAL MECHANICAL LOUVER IN EXISTING MASONRY OPENING
048 ENTIRE EXISTING HISTORIC WOOD DOOR ASSEMBLY INCLUDING ALL EXTERIOR AND INTERIOR WOOD TRIM COMPONENTS

TO REMAIN.  ALL WOOD COMPONENTS TO BE SANDED, REPLACED IN KIND AND PREPARED FOR NEW FINISHES THAT
MATCH EXISTING FINISHES. ANY MISSING WOOD COMPONENTS (DOOR ASSEMBLY, INTERIOR/EXTERIOR TRIM
COMPONENTS) TO BE REPLACED WITH SIMILAR WOOD SPECIES AND TO MATCH EXISTING PROFILES THAT REMAIN.  ALL
EXISTING DOOR HARDWARE TO BE REMOVED, SANDED AND PREPARED FOR NEW FINISH AND REINSTALLATION.

SEE PROJECT GENERAL CONDITIONS, GENERAL INFORMATION ON SHEET A001 AND SELECTIVE DEMOLITION, CUTTING AND
PATCHING SPECIFICATIONS THAT ARE USED IN ASSOCIATION WITH THESE NOTES.

NEW WORK PLAN KEY NOTES APPLY TO ALL NEW WORK DRAWINGS AND MAY NOT BE USED ON EVERY SHEET.

NEW WORK PLAN KEY NOTES - 1/8" PLANS

001 SEE UNIT 1025 ENLARGED PLAN.
002 SEE UNIT 1026 ENLARGED PLAN.
003 SEE UNIT 1035 ENLARGED PLAN.  UNIT MAY BE MIRRORED.
004 SEE UNIT 1037 ENLARGED PLAN.
005 SEE UNIT 1039 ENLARGED PLAN.
006 SEE UNIT 1040 ENLARGED PLAN.
007 SEE UNIT 1041 ENLARGED PLAN.
008 SEE UNIT 1042 ENLARGED PLAN.
009 EXISTING HISTORIC SLIDING FIRE DOOR ASSEMBLY TO REMAIN.  SECURE SLIDING DOOR IN A PARTIALLY CLOSED

POSITION WITH METAL Z-BRACKETS.  SEE PLAN FOR POSITION.  SEE SALVAGED DOOR SCHEDULE FOR MORE INFO.
010 SEE UNIT 1045 ENLARGED PLAN.
011 SEE UNIT 1050 ENLARGED PLAN.  UNIT IS MIRRORED.
012 SEE UNIT 2014 ENLARGED PLAN.
013 SEE UNIT 2015 ENLARGED PLAN.
014 SEE UNIT 2016 ENLARGED PLAN.
015 SEE UNIT 2017 ENLARGED PLAN.
016 SEE UNIT 2023 ENLARGED PLAN.
017 SEE UNIT 2061 ENLARGED PLAN.
018 SEE UNIT 2063 ENLARGED PLAN.
019 SEE UNIT 2067 ENLARGED PLAN.  UNIT MAY BE MIRRORED.
020 SEE UNIT 2068 ENLARGED PLAN.  UNIT MAY BE MIRRORED.
021 SEE UNIT 2070 ENLARGED PLAN.  UNIT TYPE IS A STUDIO ON LEVEL 03.
022 SEE UNIT 2071 ENLARGED PLAN.
023 SEE UNIT 2077 ENLARGED PLAN.
024 SEE UNIT 2079 ENLARGED PLAN.
025 SEE UNIT 2082 ENLARGED PLAN.  FOR UNIT 3082: SEE UNIT 2082 ENLARGED PLAN.
026 SEE UNIT 2092 ENLARGED PLAN.
027 SEE UNIT 2093 ENLARGED PLAN.
028 SEE UNIT 2094 ENLARGED PLAN.  UNIT MAY BE MIRRORED.

SEE PROJECT GENERAL CONDITIONS, GENERAL INFORMATION ON SHEET A001 AND SELECTIVE DEMOLITION, CUTTING AND
PATCHING SPECIFICATIONS THAT ARE USED IN ASSOCIATION WITH THESE NOTES.

NEW WORK PLAN KEY NOTES APPLY TO ALL NEW WORK DRAWINGS AND MAY NOT BE USED ON EVERY SHEET.

NEW WORK PLAN KEY NOTES - 1/8" PLANS(2)

049 EXISTING HISTORIC WINDOW ASSEMBLY TO REMAIN.  CLEAN/SCRAPE/PREPARE EXISTING WINDOW FRAMES TO RECEIVE
NEW PAINT.  EXISTING GLAZING TO BE REMOVED.

050 REPLACE ALL BROKEN/CRACKED AND MISSING GLASS LITES AT HISTORIC LIGHT MONITOR
051 NEW GYPSUM BOARD INFILL WALL ASSEMBLY AT EXISTING OPENING TO BE 3 HOUR FIRE RATED, SEE 10/A710E SIM.
052 EXISTING HISTORIC WINDOW ASSEMBLY TO REMAIN.  PREPARE EXISTING WINDOW FOR NEW PAINT FINISH.  EXISTING

GLAZING TO REMAIN.  NEW GLAZING NOT REQUIRED.
053 EXSITING HISTORIC DOOR ASSEMBLY TO REMAIN.  PREPARE EXISTING DOOR ASSEMBLY FOR NEW PAINT FINISH.
054 ALIGN DEMISING WALL WITH EDGE OF HISTORIC MASONRY OPENING.
055 ALIGN CENTER OF WALL WITH CENTERLINE OF HISTORIC COLUMN.
056 AT LEVEL 02: ALIGN EDGE OF DEMISING WALL WITH EDGE OF HISTORIC CONCRETE DROP SLAB.  AT LEVEL 03: ALIGN EDGE

OF DEMISING WALL WITH EDGE OF HISTORIC CONCRETE DROP SLAB AS IT OCCURS ON THE LEVEL BELOW.
057 ALIGN CENTERLINE OF WALL WITH CENTERLINE OF WINDOW MULLION.
058 CRITICAL KITCHEN CLEARANCES AT HISTORIC COLUMN.  VERIFY BEFORE FRAMING DEMISING WALLS AND REPORT TO

ARCHITECT IF THERE ARE ANY ISSUES.
059 EXSITING HISTORIC DOOR ASSEMBLY TO REMAIN.  PERMANENTLY SECURE BOTH DOORS IN CLOSED POSITION.  PREPARE

EXISTING DOOR ASSEMBLY FOR NEW PAINT FINISH.
060 EXISTING HISTORIC OPENING AT REMOVED WINDOW.  SEE DEMOLITION PLANS FOR ADDITIONAL INFORMATION.
060 NEW CMU WALL TO CLOSE OFF FILLED-IN UNDERGROUND TUNNEL, SEE STRUCTURAL
061 EXTEND WALL TO DEMISING WALL, TYP.  SHIFT ANY PLUMBING FIXTURES OR CLOSETS AGAINST DEMISING WALL.
062 EXISTING TRANSOM WINDOW ABOVE TO REMAIN, PREPARE SURFACES FOR NEW PAINT.  EXISTING DOOR FRAME TO

REMAIN, PREPARE SURFACES FOR NEW PAINT
063 NEW CONCRETE AREA WELL WALLS, SEE STRUCTURAL
064 BUILD WALL TYPE P6 UNIT DEMISING WALL WITH RESILIENT CHANNEL ON THIS SIDE.
065 NEW CONCRETE STOOP WITH FROST WALLS, SEE STRUCTURAL
066 NEW BRICK MASONRY WALL REBUILT WITH SALVAGED AND NEW BRICK TO MATCH EXISTING.  REBUILT WALL TO MATCH

FEATURES OF EXISTING, REMOVED BRICK MASONRY WALL INCLUDING, BUT NOT LIMITED TO WIDTH/DEPTH OF REMOVED
WALL, HEIGHT OF REMOVED WALL, AND ALL ARCHES ABOVE EXISTING WINDOW OPENINGS.

067 EXISTING HANDRAILS TO REMAIN.  REFASTEN EXISTING HANDRAILS TO EXISTING WALLS IF LOOSE OR FAILING.  PREPARE
EXISTING HANDRAILS FOR NEW PT-_

068 NEW 4" PAINTED FLOOR STRIPING LEADING TO EXIT STAIR
069 NEW 1-1/2" DIA., 3'-0" TALL METAL RAILING WITH ONE TOP RAIL.  PAINT PT-_
070 REPLACE IN-KIND (SIZE, SPECIES AND INSTALLATION DIRECTION) ALL ROTTED AND DETERIORATED WOOD FLOORING

AFTER EXISTING STEEL PLATES ARE REMOVED.  ENTIRE LOADING DOCK WOOD FLOORING TO BE SANDED AND PREPARED
FOR NEW TRANSPARENT FINISH COATING

071 NEW GYPSUM CEMENT UNDERLAYMENT SLOPED/FEATHERED TO OVERCOME FLOOR ELEVATION CHANGE.  SLOPE AT 1:20
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GENERAL FLOOR PLAN NOTES TO CONTRACTOR

1. THIS DRAWING IS FURTHER SUPPORTED BY INFORMATION CONTAINED IN THE SPECIFICATION MANUAL.
2. DO NOT SCALE DRAWINGS.  CONTRACTOR TO VERIFY ALL CONDITIONS AND DIMENSIONS AT THE JOB SITE PRIOR TO

COMMENCING CONSTRUCTION.
3. FINISH FLOOR ELEVATIONS ARE TO THE TOP OF THE FINISHED FLOOR MATERIAL UNLESS OTHERWISE NOTED.
4. CONTRACTORS SHALL JOINTLY PROVIDE AND INSTALL ALL STIFFENERS, BRACING, BACKING PLATES, WALL BLOCKING AND

SUPPORTING BRACKETS REQUIRED FOR THE INSTALLATION OF CASEWORK, TOILET ACCESSORIES, PARTITIONS.
MILLWORK, AND ALL WORK MOUNTED OR SUSPENDED BY ALL TRADES.

5. SEE SHEET A002 FOR PARTITION TYPES AND DETAILS.
6. DIMENSIONS AT EXTERIOR WALLS ARE TO STRUCTURAL WALL ONLY AND DO NOT INCLUDE FINISHES.

DIMENSIONS AT EXTERIOR WALLS ARE TO STRUCTURAL WALL ONLY AND DO NOT INCLUDE FINISHES.

GENERAL INFORMATION NOTES TO CONTRACTOR

1. THESE DRAWINGS ARE DIAGRAMMATIC AND SHOW THE INTENT OF THE PROJECT, BUT DO NOT
NECESSARILY INDICATE ALL MATERIALS OR METHODS OF CONSTRUCTION. ALL CONTRACTORS
ARE RESPONSIBLE TO REVIEW THE DOCUMENTS THOROUGHLY, AND FOR PROVIDING ALL
MATERIALS AND MEANS OF CONSTRUCTION NECESSARY FOR THE COMPLETION OF THE WORK IN
ACCORDANCE WITH THE INTENT OF THE DRAWINGS.

2. ALL WORK OF ALL TRADES, SHALL BE COMPLETED IN ACCORDANCE WITH ALL LOCAL GOVERNING
CODES AND ORDINANCES.

3. EACH CONTRACTOR SHALL COORDINATE THEIR WORK WITH THE OWNER, THE OWNER'S OTHER
CONTRACTORS, AND ALL OTHERS AT THE SITE.

4. EACH CONTRACTOR IS TO OBTAIN AND PAY FOR PERMITS, LICENSES, FEES, ETC. AS REQUIRED
FOR THE COMPLETION OF THEIR PORTION OF WORK.

5. EACH CONTRACTOR SHALL VERIFY ALL CONDITIONS AND DIMENSIONS AT THE SITE TO SATISFY
THEIR EXECUTION OF THE WORK. ANY DISCREPANCIES SHALL BE REPORTED TO THE
ARCHITECT. NEITHER THE OWNER NOR THE ARCHITECT ASSUMES RESPONSIBILITY FOR
CONDITIONS OR DIMENSIONS SHOWN AS EXISTING.

6. IF ANY CONTRACTOR OBSERVES THAT ANY OF THE CONTRACT DOCUMENTS ARE AT VARIANCE
WITH APPLICABLE LAWS, STATUES, BUILDING CODES, OR ORDINANCES, THEY SHALL PROMPTLY
NOTIFY THE ARCHITECT.

7. ALL HOLES FOR PLUMBING, ELECTRICAL, HVAC, FIRE PROTECTION CONDUIT, PIPING, OR
DUCTWORK ARE TO BE REPAIRED BY THE ASSOCIATED TRADE.

8. ALL TRADES SHALL TAKE CARE TO MAKE HOLES ONLY AS LARGE AS NECESSARY. ALL HOLES
SHALL BE NEATLY CUT. DO NOT PUNCH OR POUND HOLES IN WALLS OR ROOF DECK.

9. ANY HOLES OR PENETRATIONS THROUGH FIRE RATED CONSTRUCTION SHALL BE
APPROPRIATELY FIRE STOPPED, DAMPENED, OR SEALED AS REQUIRED BY CODE.

10. EACH CONTRACTOR SHALL INCLUDE NECESSARY DEMOLITION AND REMOVAL OF ALL MATERIAL
AS REQUIRED TO PERFORM THEIR WORK.

11. REMOVAL OF ALL HAZARDOUS CONTAINING MATERIALS IS THE SOLE RESPONSIBILITY OF THE
OWNER. SHOULD ANY MATERIALS BE ENCOUNTERED DURING ANY OF THE CONSTRUCTION
PHASES CONTAINING, OR SUSPECTED TO BE HAZARDOUS: CONTRACTOR SHALL STOP WORK
IMMEDIATELY AND NOTIFY OWNER AND ARCHITECT.

12. DO NOT SCALE DRAWINGS.
13. EACH CONTRACTOR SHALL PATCH, LEVEL, AND PREPARE ALL WALLS AND FLOORS AS

SCHEDULED AND REQUIRED TO RECEIVE NEW FINISHES.

SEE PROJECT GENERAL CONDITIONS, GENERAL INFORMATION ON SHEET A001 AND SELECTIVE DEMOLITION, CUTTING AND
PATCHING SPECIFICATIONS THAT ARE USED IN ASSOCIATION WITH THESE NOTES.

NEW WORK PLAN KEY NOTES APPLY TO ALL NEW WORK DRAWINGS AND MAY NOT BE USED ON EVERY SHEET.

NEW WORK PLAN KEY NOTES - 1/8" PLANS

029 SEE UNIT 2095 ENLARGED PLAN.  UNIT MAY BE MIRRORED.
030 SEE UNIT 2111 ENLARGED PLAN.  FOR UNIT 3110: SEE UNIT 2110.
031 SEE UNIT 2117 ENLARGED PLAN.
032 UNIT TO INCLUDE AUDIO AND VISUAL ALARM DEVICES FOR THE HEARING AND VISUALLY IMPAIRED.  COORDINATE

LOCATION WITH ELECTRICAL DRAWINGS
033 EXISTING HISTORIC SLIDING FIRE DOOR ASSEMBLY TO REMAIN IN PLACE.  SECURE SLIDING DOOR IN A FULLY OPEN

POSITION WITH METAL Z-BRACKETS. SEE SALVAGED DOOR SCHEDULE FOR MORE INFO.
034 NEW GYPSUM BOARD INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 1/A710E
035 EXISTING HISTORIC WINDOW ASSEMBLY TO REMAIN.  PREPARE EXISTING WINDOW FOR NEW PAINT FINISH.  REPLACE

DAMAGED OR MISSING GLAZING TO MATCH EXISTING.
036 NEW CMU INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 3/A710E
037 NEW METAL PANEL INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 1/A510E
038 NEW BRICK AND CMU INFILL AT EXISTING WALL OPENING.
039 NEW BRICK MASONRY INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 3/A710E
040 EXISTING CONCRETE FLOOR WITH NEW WATERPROOF TRAFFIC COATING
041 EXISTING HISTORIC SLIDING FIRE DOOR ASSEMBLY TO REMAIN.  SECURE SLIDING DOOR IN A CLOSED POSITION WITH

METAL Z-BRACKETS.  SEE SALVAGED DOOR SCHEDULE FOR MORE INFO.
042 NEW BRICK MASONRY AND GYPSUM BOARD INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 5/A710E
043 NEW CMU AND GYPSUM BOARD INFILL WALL ASSEMBLY AT EXISTING OPENING.  SEE 6/A710E
044 NEW WOOD FLOOR INFILL.  NEW WOOD FRAMING TO MATCH EXISTING.  NEW WOOD SUBFLOORING TO MATCH

DIMENSIONS OF EXISTING AND TO RUN IN THE SAME DIRECTIONAS EXISTING.  REINSTALL EXISTING SALVAGED FINISH
FLOORING, RUN IN THE SAME DIRECTION AS EXISTING.  SEE STRUCTURAL FOR DETAILING.

045 NEW CONCRETE ON METAL DECK INFILL WITH SPRAY-APPLIED FIRE RESISTIVE MATERIAL AT NEW STEEL BEAMS AND
ANGLES TO MAINTAIN FLOOR ASSEMBLY FIRE RATING.  SEE OVERVIEW FLOOR PLANS FOR REQUIRED FLOOR ASSEMBLY
FIRE RATINGS.  SEE STRUCTURAL FOR DETAIL

046 NEW CONCRETE FLOOR INFILL, SEE STRUCTURAL
047 NEW PREFINISHED METAL MECHANICAL LOUVER IN EXISTING MASONRY OPENING
048 ENTIRE EXISTING HISTORIC WOOD DOOR ASSEMBLY INCLUDING ALL EXTERIOR AND INTERIOR WOOD TRIM COMPONENTS

TO REMAIN.  ALL WOOD COMPONENTS TO BE SANDED, REPLACED IN KIND AND PREPARED FOR NEW FINISHES THAT
MATCH EXISTING FINISHES.  ANY MISSING WOOD COMPONENTS (DOOR ASSEMBLY, INTERIOR/EXTERIOR TRIM
COMPONENTS) TO BE REPLACED WITH SIMILAR WOOD SPECIES AND TO MATCH EXISTING PROFILES THAT REMAIN.  ALL
EXISTING DOOR HARDWARE TO BE REMOVED, SANDED AND PREPARED FOR NEW FINISH AND REINSTALLATION.

SEE PROJECT GENERAL CONDITIONS, GENERAL INFORMATION ON SHEET A001 AND SELECTIVE DEMOLITION, CUTTING AND
PATCHING SPECIFICATIONS THAT ARE USED IN ASSOCIATION WITH THESE NOTES.

NEW WORK PLAN KEY NOTES APPLY TO ALL NEW WORK DRAWINGS AND MAY NOT BE USED ON EVERY SHEET.

NEW WORK PLAN KEY NOTES - 1/8" PLANS

001 SEE UNIT 1025 ENLARGED PLAN.
002 SEE UNIT 1026 ENLARGED PLAN.
003 SEE UNIT 1035 ENLARGED PLAN.  UNIT MAY BE MIRRORED.
004 SEE UNIT 1037 ENLARGED PLAN.
005 SEE UNIT 1039 ENLARGED PLAN.
006 SEE UNIT 1040 ENLARGED PLAN.
007 SEE UNIT 1041 ENLARGED PLAN.
008 SEE UNIT 1042 ENLARGED PLAN.
009 EXISTING HISTORIC SLIDING FIRE DOOR ASSEMBLY TO REMAIN.  SECURE SLIDING DOOR IN A PARTIALLY CLOSED

POSITION WITH METAL Z-BRACKETS.  SEE PLAN FOR POSITION.  SEE SALVAGED DOOR SCHEDULE FOR MORE INFO.
010 SEE UNIT 1045 ENLARGED PLAN.
011 SEE UNIT 1050 ENLARGED PLAN.  UNIT IS MIRRORED.
012 SEE UNIT 2014 ENLARGED PLAN.
013 SEE UNIT 2015 ENLARGED PLAN.
014 SEE UNIT 2016 ENLARGED PLAN.
015 SEE UNIT 2017 ENLARGED PLAN.
016 SEE UNIT 2023 ENLARGED PLAN.
017 SEE UNIT 2061 ENLARGED PLAN.
018 SEE UNIT 2063 ENLARGED PLAN.
019 SEE UNIT 2067 ENLARGED PLAN.  UNIT MAY BE MIRRORED.
020 SEE UNIT 2068 ENLARGED PLAN.  UNIT MAY BE MIRRORED.
021 SEE UNIT 2070 ENLARGED PLAN.  UNIT TYPE IS A STUDIO ON LEVEL 03.
022 SEE UNIT 2071 ENLARGED PLAN.
023 SEE UNIT 2077 ENLARGED PLAN.
024 SEE UNIT 2079 ENLARGED PLAN.
025 SEE UNIT 2082 ENLARGED PLAN.  FOR UNIT 3082: SEE UNIT 2082 ENLARGED PLAN.
026 SEE UNIT 2092 ENLARGED PLAN.
027 SEE UNIT 2093 ENLARGED PLAN.
028 SEE UNIT 2094 ENLARGED PLAN.  UNIT MAY BE MIRRORED.

SEE PROJECT GENERAL CONDITIONS, GENERAL INFORMATION ON SHEET A001 AND SELECTIVE DEMOLITION, CUTTING AND
PATCHING SPECIFICATIONS THAT ARE USED IN ASSOCIATION WITH THESE NOTES.

NEW WORK PLAN KEY NOTES APPLY TO ALL NEW WORK DRAWINGS AND MAY NOT BE USED ON EVERY SHEET.

NEW WORK PLAN KEY NOTES - 1/8" PLANS(2)

049 EXISTING HISTORIC WINDOW ASSEMBLY TO REMAIN.  CLEAN/SCRAPE/PREPARE EXISTING WINDOW FRAMES TO RECEIVE
NEW PAINT.  EXISTING GLAZING TO BE REMOVED.

050 REPLACE ALL BROKEN/CRACKED AND MISSING GLASS LITES AT HISTORIC LIGHT MONITOR
051 NEW GYPSUM BOARD INFILL WALL ASSEMBLY AT EXISTING OPENING TO BE 3 HOUR FIRE RATED, SEE 10/A710E SIM.
052 EXISTING HISTORIC WINDOW ASSEMBLY TO REMAIN.  PREPARE EXISTING WINDOW FOR NEW PAINT FINISH.  EXISTING

GLAZING TO REMAIN.  NEW GLAZING NOT REQUIRED.
053 EXSITING HISTORIC DOOR ASSEMBLY TO REMAIN.  PREPARE EXISTING DOOR ASSEMBLY FOR NEW PAINT FINISH.
054 ALIGN DEMISING WALL WITH EDGE OF HISTORIC MASONRY OPENING.
055 ALIGN CENTER OF WALL WITH CENTERLINE OF HISTORIC COLUMN.
056 AT LEVEL 02: ALIGN EDGE OF DEMISING WALL WITH EDGE OF HISTORIC CONCRETE DROP SLAB.  AT LEVEL 03: ALIGN EDGE

OF DEMISING WALL WITH EDGE OF HISTORIC CONCRETE DROP SLAB AS IT OCCURS ON THE LEVEL BELOW.
057 ALIGN CENTERLINE OF WALL WITH CENTERLINE OF WINDOW MULLION.
058 CRITICAL KITCHEN CLEARANCES AT HISTORIC COLUMN.  VERIFY BEFORE FRAMING DEMISING WALLS AND REPORT TO

ARCHITECT IF THERE ARE ANY ISSUES.
059 EXSITING HISTORIC DOOR ASSEMBLY TO REMAIN.  PERMANENTLY SECURE BOTH DOORS IN CLOSED POSITION.  PREPARE

EXISTING DOOR ASSEMBLY FOR NEW PAINT FINISH.
060 EXISTING HISTORIC OPENING AT REMOVED WINDOW.  SEE DEMOLITION PLANS FOR ADDITIONAL INFORMATION.
060 NEW CMU WALL TO CLOSE OFF FILLED-IN UNDERGROUND TUNNEL, SEE STRUCTURAL
061 EXTEND WALL TO DEMISING WALL, TYP.  SHIFT ANY PLUMBING FIXTURES OR CLOSETS AGAINST DEMISING WALL.
062 EXISTING TRANSOM WINDOW ABOVE TO REMAIN, PREPARE SURFACES FOR NEW PAINT.  EXISTING DOOR FRAME TO

REMAIN, PREPARE SURFACES FOR NEW PAINT
063 NEW CONCRETE AREA WELL WALLS, SEE STRUCTURAL
064 BUILD WALL TYPE P6 UNIT DEMISING WALL WITH RESILIENT CHANNEL ON THIS SIDE.
065 NEW CONCRETE STOOP WITH FROST WALLS, SEE STRUCTURAL
066 NEW BRICK MASONRY WALL REBUILT WITH SALVAGED AND NEW BRICK TO MATCH EXISTING.  REBUILT WALL TO MATCH

FEATURES OF EXISTING, REMOVED BRICK MASONRY WALL INCLUDING, BUT NOT LIMITED TO WIDTH/DEPTH OF REMOVED
WALL, HEIGHT OF REMOVED WALL, AND ALL ARCHES ABOVE EXISTING WINDOW OPENINGS.

067 EXISTING HANDRAILS TO REMAIN.  REFASTEN EXISTING HANDRAILS TO EXISTING WALLS IF LOOSE OR FAILING.  PREPARE
EXISTING HANDRAILS FOR NEW PT-_

068 NEW 4" PAINTED FLOOR STRIPING LEADING TO EXIT STAIR
069 NEW 1-1/2" DIA., 3'-0" TALL METAL RAILING WITH ONE TOP RAIL.  PAINT PT-_
070 REPLACE IN-KIND (SIZE, SPECIES AND INSTALLATION DIRECTION) ALL ROTTED AND DETERIORATED WOOD FLOORING

AFTER EXISTING STEEL PLATES ARE REMOVED.  ENTIRE LOADING DOCK WOOD FLOORING TO BE SANDED AND PREPARED
FOR NEW TRANSPARENT FINISH COATING

071 NEW SLOPED/FEATHERED POLISHED EPOXY FLOOR TOPPING TO TRANSITION AT FLOOR ELEVATION CHANGE.  SLOPE AT
1:20

1 10/09/20 Addendum #1
2 10/13/20 Addendum #2
1 10/09/20 Addendum #1
2 10/13/20 Addendum #2
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Figure 6. Locations of Vapor Pins and Average Differential Pressure Measurements for the week of 7/15/23
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Areas with Indoor air TCE levels higher than 
VAL (2.1 ug/m3)

Areas with Residual Soil ContaminationVRSL Hotspot Areas based on sub-slab TCE 
Levels higher than VRSL (70 ug/m3) 

VRSL Hotspot Areas based on sub-slab TCE 
Levels higher than VRSL (70 ug/m3) and 
Resdiual Soil Contamination
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FIGURE 8

 SHEET TITLE
Locations of Confirmatory Samples 
and Residual TCE Concentrations

NOTE:
· COMBINATION OF EXISTING AND PROPOSED PLUMBING

NOTES:
1. (1) FROM WDNR RCLS WORKSHEET DATED DECEMBER 2018
2. REPORTED UNITS IN MG/KG
3. ONLY EXCEEDANCES SHOWN
4. ITALICS = VALUE EXCEEDS GROUNDWATER PROTECTION OR DIRECT CONTACT RCLS
5. BOLD = VALUE EXCEEDS NON-INDUSTRIAL DIRECT CONTACT RCLS
6. BOLD UNDERLINED = VALUE EXCEEDS INDUSTRIAL DIRECT CONTACT RCLS
7. "J" = ANALYTE DETECTED BETWEEN 'LIMIT OF DETECTION' AND 'LIMIT OF QUANTITATION'
8. SAMPLING LOCATIONS ARE APPROXIMATE
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ATTACHMENT A 

Obar Fan and Fliteway Blower Information 
  



 THE OBAR GBR89
COMPACT RADIAL BLOWER

Based on 25 years of experience and 2 years of research and
development, the patent pending GBR series of compact
radial blowers provide the perfect combination of
performance and design.

PERFORMANCE

ω GBR89 HA 14”  WC at 100CFM max flow 500 CFM.
ω Built in speed control to customize performance.
ω Condensate bypass built in.
ω 12 month warranty 40,000 hr sealed bearings.

DESIGN

ω Our modular design means the blower and manifold assembly can be removed and replaced as a unit. This makes
repairs cost effective and easy and allows contractors to upgrade systems simply by swapping assemblies.

ω The GBR series is based on a bypass blower designed to handle combustible materials.
ω The housing is not required to be air tight so you can add gauges and alarms without compromising the system.
ω Built in condensate bypass.
ω Built in speed control.
ω Quick disconnect electrical harness.
ω All UL listed components including UL listed enclosure for outside use.
ω Wall fastening lugs included.
ω GBR series roof and wall mounts available to quickly configure the blowers for your installation while providing a

custom built look.
ω Compact design 18”x 16”x 10” weighing only 26 lbs.
ω 4” schedule 40 inlet and 6” schedule 40 exhaust.

GBR89 WITH ROOF MOUNT



Enclosure Specifications
Rating:

Ingress Protection (EN 60529):  66/67

Electrical insulation:    Totally insulated

Halogen free (DIN/VDE 0472, Part 815):  yes

UV resistance:  UL 508

Flammability Rating (UL 746 C 5):  complies with UL 508

Glow Wire Test (IEC 695-2-1) °C:  960

NEMA Class:  UL Type 4, 4X, 6, 6P, 12 and 13

Certificates: Underwriters Laboratories

OBAR SYSTEMS INC  2969 ROUTE 23 SOUTH NEWFOUNDLAND, NJ 07435     800 949 6227



High Voltage Brushless DC Blowers

Nautilair (TM) 8.9" (226mm) Variable Speed Blower
240 Volt AC Input, Single Phase, High Output

Part/ Model Number

Specification Units 150240 150241 150242

Speed Control - Mechanical 0-10 VDC PWM

B 47
____

This document is for informational purposes only and should not be considered as a binding description of the products or their performance in all applications. The performance data on this page depicts
typical performance under controlled laboratory conditions. AMETEK is not responsible for blowers driven beyond factory specified speed, temperature, pressure, flow or without proper alignment. Actual
performance will vary depending on the operating environment and application. AMETEK products are not designed for and should not be used in medical life support applications. AMETEK reserves the
right to revise its products without notification. The above characteristics represent standard products. For product designed to meet specific applications, contact AMETEK Technical & Industrial Products
Sales department.

AMETEK TECHNICAL & INDUSTRIAL PRODUCTS
627 Lake Street, Kent OH 44240
USA: +1 215-256-6601 - Europe: +44 (0) 845 366 9664 - Asia: +86 21 5763 1258
www.ametektip.com



High Voltage Brushless DC Blowers

Nautilair (TM) 8.9" (226mm) Variable Speed Blower
240 Volt AC Input, Single Phase, High Output

Typical Performance

B 48
____

This document is for informational purposes only and should not be considered as a binding description of the products or their performance in all applications. The performance data on this page depicts
typical performance under controlled laboratory conditions. AMETEK is not responsible for blowers driven beyond factory specified speed, temperature, pressure, flow or without proper alignment. Actual
performance will vary depending on the operating environment and application. AMETEK products are not designed for and should not be used in medical life support applications. AMETEK reserves the
right to revise its products without notification. The above characteristics represent standard products. For product designed to meet specific applications, contact AMETEK Technical & Industrial Products
Sales department.

AMETEK TECHNICAL & INDUSTRIAL PRODUCTS
627 Lake Street, Kent OH 44240
USA: +1 215-256-6601 - Europe: +44 (0) 845 366 9664 - Asia: +86 21 5763 1258
www.ametektip.com
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High Voltage Brushless DC Blowers

Nautilair (TM) 8.9" (226mm) Variable Speed Blower

120 Volt AC Input, Single Phase, High Output
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BLU (COMMON)
PWM IN (BLK)

NOT USED
TACHOUT (WHT)

DC VOLTAGE (RED)

WHITE (NEUTRAL)
BLACK (LINE)
RED (10V DC SIGNAL)
BLUE (COMMON)

INCH
(MM)

AIR INTAKE DETAIL

POWER CONNECTION USING MECHANICAL OR PWM
SPEED ADJUSTMENT

PWM CONTROL CONNECTION (OPTION)

EXHAUST

CL

CL CL

GROUND (   )

AC INPUT VOLTAGE}
SPEED COMMAND}

POWER CONNECTION USING 0-10 VDC
SPEED ADJUSTMENT

(43°)

9.80±.05
(245±1.27)

5.25 ±.03
(133.4±0.76)

CONTROL

SPEED

POWER

28°±1°

(28°)

43°±3°

2X  6.50±2.60
      (165.1±25.4)

14.00±1.00
 (355.6±25.4)

8.70±.05
(221±1.3)

2.64±.03
(67.1±0.76)

6X  M8X1.25 THD’D. HOLES
.50/(12.7) DP., EQ. SPACED
AS SHOWN ON A 5.512/(140)
BOLT CIRCLE.

4X Ø.350 THRU
          (8.9)

5.50
(139.7)

4.724±.010
(120±0.25)

2.362
 (60.0)4X R. .38

          (9.7)

MOTOR
COOLING
EXHAUST

MOTOR
COOLING
INLET

Ø5.68
   (144.3)

8.10  MAX.
(205.7)
INCL. BOW-OUT

.118
(3.0)

Ø4.331
   (110)

2.362
 (60.0)

5.50
(139.7)

4.724±.010
(120±0.25)

Ø3.95±.03
   (100.3±0.76)
    {INTAKE} 6X 0.56±.03

(14.2±0.76)

.138
(3.5)

Ø4.331
    (110)

1 2 3 4 5

CONNECTION

CONNECTION

POT.

Part/Model Number

Specification Units 150230 150231 150232

Speed Control - Mechanical 0-10 VDC PWM

Notes:
  •  Input Voltage Range:  108 - 132 Volts AC RMS, 50/60 Hz, single phase.
  •  Input Current:  12 amps AC RMS
  •  Operating Temperature (Ambient Air and Working Air):  0°C to 50°C
  •  Storage Temperature:  -40°C to 85°C
  •  Dielectric Testing:  1500 Volts AC RMS 60 Hz applied for one second between input pins and ground, 3mA leakage maximum.
  •  Speed Control Methods:  PWM (Pulse Width Modulation).  Speed control input signal of 15 - 45 VDC @ 500 Hz - 10 kHz, and tachometer output (2 Pulses /
     Revolution).  Optional tachometer output (3 Pulses / Revolution).
     0 to 10 VDC speed control.
     Mechanical:  A potentiometer is available for speed control of the blower.  The potentiometer can be preset for a speci�c speed.  Access for speed adjustment located
     in motor housing.
     4-20mA speed control available.
  •  Approximate Weight:  9.3 Lbs. / 4.2 Kg
  •  Option Card available for Customization
  •  Regulatory Agency Certi�cation: Underwriters Laboratories Inc. UL507 Recognized under File E94403 and CSA C22.2#133 under File LR43448
  •  Design Features:  Designed to provide  variable  air�ow for low NOx & CO emission in high e�ciency gas �red combustion systems.  Built with non-sparking materials. Blower 
     housing assembly constructed of die cast aluminum.  Impeller constructed from hardened aluminum. Rubber isolation mounts built  into blower construction to 
     dampen vibration within the motor.  Two piece blower housing assembly sealed with O-ring gasket for combustion applications.  Customer is responsible to check 
     for any leakage once the blower is installed into the �nal application.
  •  Miscellaneous:  Blower inlet, discharge, and all motor cooling inlet and discharge vents must not be obstructed.  Motor ventilation air to be free of oils and other
     foreign particles, (i.e. breathing quality air).  Blower is to be mounted so ventilation air cannot be re-circulated.  
     POWER CONNECTION (3 CAVITY):  Blower connector, AMP Universal MATE-N-LOK, part no. 1-480701-0.
     POWER CONNECTION (5 CAVITY):  Blower connector, AMP Universal MATE-N-LOK, part no. 350810-1.
     SPEED CONNECTION (5 CAVITY):  Blower connector, Molex Mini-Fit Jr., part no. 39-01-4057.
     Mating harnesses available upon request.
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High Voltage Brushless DC Blowers

Nautilair (TM) 8.9" (226mm) Variable Speed Blower

120 Volt AC Input, Single Phase, High Output

Typical Performance
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Data presented represents blower performance at STANDARD AIR DENSITY, .075 lb/ft3 (29.92” Hg, Sea Level, 68° F)
Vacuum performance available upon request.
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ABSTRACT
Alginate-based composites have been extensively studied for
applications in energy and environmental sectors due to their
biocompatible, nontoxic, and cost-effective properties. This
review is designed to provide an overview of the synthesis
and application of alginate-based composites. In addition to
an overview of current understanding of alginate biopolymer,
gelation process, and cross-linking mechanisms, this work
focuses on adsorption mechanisms and performance of differ-
ent alginate-based composites for the removal of various pol-
lutants including dyes, heavy metals, and antibiotics in water
and wastewater. While encapsulation in alginate gel beads
confers protective benefits to engineered nanoparticles, car-
bonaceous materials, cells and microbes, alginate-based com-
posites typically exhibit enhanced adsorption performance.
The physical and chemical properties of alginate-based com-
posites determine the effectiveness under different application
conditions. A series of alginate-based composites and their
physicochemical and sorptive properties have been summar-
ized. This critical review not only summarizes recent advances
in alginate-based composites but also presents a perspective
of future work for their environmental applications.

KEYWORDS
Alginate; hydrogel;
nanocomposites; dyes;
heavy metals; antibiotics

1. Introduction

Achieving environmental goals while supporting robust economic growth
demands innovative technologies for water and wastewater treatment
(Gupta and Ali, 2012; Lim & Aris, 2014; Michael et al., 2013; Yagub, Sen,
Afroze, & Ang, 2014). Adsorption technology has been considered as one
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of the most effective and environmentally sound methods for remediating
contaminants that are difficult to degrade in the environment (Ali, 2012;
Ali and Gupta, 2006; Fu & Wang, 2011; Lim & Aris, 2014; Wan et al.,
2018). Recently, various biomaterials have been developed for improving
adsorption capacities, increasing environmental compatibility and operation
efficiency as alternatives for conventional activated carbon (Burakov et al.,
2018; Gupta, Carrott, Ribeiro Carrott, & Suhas, 2009). As a low cost and
highly efficient absorbent, alginate-based composites have been extensively
studied for the removal of heavy metals, industrial dyes, pesticides, antibi-
otics, and other pollutants in water and wastewater (Fomina & Gadd, 2014;
Wan Ngah, Teong, & Hanafiah, 2011; Wang, Gao, & Wan, 2018b; Wang,
Gao, Zimmerman, & Lee, 2018; Wang, Gao, Zimmerman, Zheng, & Lyu,
2018; Yagub et al., 2014).
Alginate is an anionic polysaccharide found in the outer cell wall of

brown algae, such as kelps. The major component of alginate is alginic acid
while sodium alginate (SA) is Na-salt of alginic acid, which is a polymer
with abundant free hydroxyl and carboxyl groups distributed along the
backbone chain of the polymer (Figure 1). The linear, anionic polysacchar-
ide consists of two kinds of 1,4-linked hexuronic acid residues, namely
b-d-mannuronopyranosyl (M) and a-l-guluronopyranosyl (G) residues,
arranged in blocks of repeating M residues (MM blocks), blocks of repeat-
ing G residues (GG blocks), and blocks of mixed M and G residues (MG-
blocks) (Yang, Xie, & He, 2011). Sodium alginate itself is nontoxic, stable
in the environment with strong gelation, film-forming, and complexing
abilities. The sodium alginate gel is soft and soluble in alkaline solution. It
can go through an irreversible chemical process with polyvalent cations
(except magnesium) to form a crosslinking bond, and finally the formation
of a thermo-irreversible gel. For example, when Ca2þ is added to the SA
solution, Ca2þ displaces part of Hþ and Naþ to form a calcium alginate
(CA) gel. Due to its nontoxicity, biocompatibility, and the ability to form
crosslinks with cations, alginate has been utilized for encapsulation of
chemical and biological compounds with a wide range of application in
agriculture, food technologies, pharmaceutical cosmetics, chemical

Figure 1. The molecular structure of sodium alginate (SA).
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engineering, environmental engineering, paper and textile industry, and
many other areas.
Environmental applications of alginate hinge partly on the fact that the

rich surface functional groups (e.g., carboxyl and hydroxyl) in alginate
could capture metallic or cationic ions via ion exchange between the cross-
linking cations and target pollutants such as heavy metals or dyes.
However, alginate gel has disadvantages such as high rigidity and fragility
with poor elasticity and mechanical properties (Thakur, Pandey, & Arotiba,
2016). Organic and inorganic alginate-based composites have been synthe-
sized to enhance mechanical and thermal stability, and swelling properties
of pure alginate gels (Thakur et al., 2016). These composites possess unique
physicochemical properties and excellent biocompatibility. Over the past
decade, alginate-based composites combining alginate gels and other poly-
mers, natural and engineered nanoparticles, and microorganisms are exten-
sively studied for the removal of pollutants from aqueous solution (Ali, Al-
Othman, & Sanagi, 2015; Ali, Al-Othman, & Al-Warthan, 2016a; Ali, Al-
Othman, & Al-Warthan, 2016b; Wang, Gao, & Wan, 2018a; Wang et al.,
2018b; Wang, Gao, Zimmerman, & Lee, 2018; Zhao, Qin, & Feng, 2016).
However, these studies are scattered, aiming to report the adsorption per-
formance of specific composites. No comprehensive literature reviews on
alginate-based composites as adsorbents for environmental applications are
currently available.
The objective of this paper is to provide a systematic synthesis of the

existing literature over the past two decades regarding environmental appli-
cations of alginate-based composites with respect to their adsorption
capacities and experimental conditions. Most of these studies focus on the
removal of dyes and heavy metals, as well as dozens of studies on antibiot-
ics and other pollutants. This review starts with an examination of the syn-
thesis of alginate-based composites and their special functionalities
resulting from various materials encapsulated in alginate. Subsequently, the
adsorption mechanisms and performance of different alginate-based com-
posites for the removal of dyes, heavy metals, and antibiotics from aqueous
solutions are reviewed. Future perspectives on application of alginate-based
composites for environmental remediation is presented.

2. Synthesis of alginate-based composites as adsorbents

Properties and potential applications of alginate-based composites depend
largely on their synthesis, i.e. physical and chemical crosslinking methods
(Ching, Bansal, & Bhandari, 2017; Idris, Ismail, Hassan, Misran, &
Ngomsik, 2012). Four common methods including ionic crosslinking,
emulsification, electrostatic complexation, and self-assembly have been used
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for synthesis of alginate-based composites (Akhtar, Hanif, & Ranjha, 2016;
Mane, Ponrathnam, & Chavan, 2015; Paques, Van Der Linden, Van Rijn,
& Sagis, 2014). Physically crosslinked hydrogels are synthesized by ionic
interaction, crystallization, stereocomplex formation, hydrophobized poly-
saccharides, protein interaction and hydrogen bond. In contrast, chemically
crosslinked hydrogels are synthesized by chain growth polymerization, add-
ition and condensation polymerization and gamma and electron beam
polymerization (Maitra & Shukla, 2014). These synthesis methods have
their own advantages and disadvantages. The synthesis of physically cross-
linked sodium alginate hydrogel is simple, and the conditions are gentle,
but the gel strength is poor. The structural regularity of chemically cross-
linked sodium alginate hydrogel is better, and the preparation conditions
are more complicated, requiring complete removal of the unreacted cross-
linking agents for post-treatment.
Sodium alginate contains a large number of functional groups, such as

active hydroxyl group and carboxyl group along with its backbone chain
and can be chemically modified by chemical crosslinking, esterification and
etherification. The fundamental process involving gel formation is the
interaction between sodium alginate and divalent cations (such as calcium
ions) or cationic polymers. Sodium alginate has a -COO- group in the mol-
ecule. When a divalent cation is added to the sodium alginate solution,
sodium alginate undergoes a cross-linking reaction, Naþ from the gulur-
onic acid (G) blocks is exchanged with these divalent cations to form a
water-insoluble gel with a characteristic “egg-box” structure. Different cati-
ons show different affinity for alginate, the ability of sodium alginate to
bind to multivalent cations follows the sequence of Pb2þ> Cu2þ> Cd2þ>
Ba2þ> Sr2þ> Ca2þ> Co2þ> Ni2þ> Zn2þ> Mn2þ (Russo, Malinconico, &
Santagata, 2007). In this ionic cross-linking process of sol-gel reaction, the
solution concentration, pH value, and metal ion intensity all affect the sta-
bility, mechanical strength, shape and structure of the gel beads (Chan, Jin,
& Heng, 2002).
In order to improve the performance and stability of alginate for envir-

onmental applications, various materials have been incorporated into algin-
ate hydrogel (microspheres) (De-Bashan, Moreno, Hernandez, & Bashan,
2002; Hong et al., 2017; Rezaei, Haghshenasfard, & Moheb, 2017; Wang,
Gao, Zimmerman, Zheng, et al., 2018; Zhuang et al., 2016). Synthesis of
these composites typically starts with mixing the material with sodium
alginate solution before the gelation of calcium alginate (Figure 2). A com-
prehensive review of the literature indicates that the materials encapsulated
in alginate for environmental applications include activated carbon (AC),
biochar, carbon nanotube (CNT), graphene oxide (GO), nanoparticle, mag-
netic materials and microorganism (Figure 2). Selection of the materials to
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be encapsulated depends on the functionality of the material and the
intended application so that synergetic benefits can be attained by the com-
posite. While alginate-based composites typically exhibit enhanced physical/
mechanical properties for bioengineering applications [24-25], a few other
benefits achieved through fabrication are worth mentioning here.
First, alginate beards may serve as a stable matrix for other types of

absorbents that are too fine in particle size and too difficult to separate
from aqueous solution. These absorbents are typically carbon-based, such
as AC, biochar, CNTs, and GO (Mohammadi, Khani, Gupta, Amereh, &
Agarwal, 2011; Gupta, Nayak, Agarwal, & Tyagi, 2014; Robati et al., 2016).
AC has been widely used for wastewater treatment (Maneerung et al.,
2016). However, AC is mostly used as a fine powder, and the difficulty in
separation and regeneration from the effluent may result in significant loss
of the adsorbent. Biochar has been recently used as a cost-effective alterna-
tive of AC in water/wastewater treatment (Ahmad et al., 2014; Fang, Zhan,
Ok, & Gao, 2018; Inyang et al., 2016; Mohan, Sarswat, Ok, & Pittman,
2014; Wang, Gao, & Fang, 2017). Biochar can be ball milled to increase its
surface areas (Lyu et al., 2017; Lyu, Gao, He, Zimmerman, Ding, Huang,
et al., 2018; Lyu, Gao, He, Zimmerman, Ding, Tang, et al., 2018). Like AC
powders, ball milled biochar is difficult to separate from water due to its
small particle size (Wang et al., 2018b; Wang, Gao, Zimmerman, Zheng,
et al., 2018). CNTs and GO both have been intensively studied for removal

Figure 2. Fabrication of different alginate-based composites.
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of organic and inorganic pollutants because of their unique structural fea-
tures and large specific areas (Chen, Gao, & Li, 2015; Gupta, Kumar,
Nayak, Saleh, & Barakat, 2013). The facts that GO disperses extremely well
in water and CNTs are very small and form aggregates make it difficult to
separate them from aqueous solution (Ding, Hu, Morales, & Gao, 2014;
Inyang, Gao, Zimmerman, Zhang, & Chen, 2014; Tian et al., 2012; Wang,
Yang, & Hsieh, 2010). Encapsulation of these carbonaceous materials into
alginate hydrogels or beads offer ease of separation and regeneration for
water/wastewater treatment (Wang et al., 2018a, 2018b; Wang, Gao,
Zimmerman, & Lee, 2018; Wang, Gao, Zimmerman, Zheng, et al., 2018).
Second, fabricating magnetic materials and nanoparticles into alginate brings

in nano-effects and magnetic technology into the composites while attaining
excellent absorption performance and reducing the potential environmental
risk of nanoparticles. Nanotechnology and magnetic technology have been
increasingly used in water and wastewater treatment (Qu, Alvarez, & Li, 2013;
Theron, Walker, & Cloete, 2008). Alginate/nanomaterial composites are blends
of alginate and nanomaterials with enhanced adsorption capacity (Figure 3).
Furthermore, a magnetic adsorbent (called magsorbent) can be developed by
encapsulating magnetic functionalized nanoparticles in alginate beads along
with different cross-linking agents (Lee et al., 2000; Russo et al., 2007). For
example, incorporating maghemite with the alginate in bead form is very use-
ful in isolation or recovery process (Idris et al., 2012). Magnetic technology
has the advantage of simple operation and easy separation.
Third, alginate can serve a carrier of microorganisms to optimize the

microbial processes for environmental and agricultural applications
(Cohen, 2001; Covarrubias, De-Bashan, Moreno, & Bashan, 2012; Martins,
Martins, Fi�uza, & Santaella, 2013). Compared with the conventional sus-
pension system, alginate microorganism composites offer a multitude of
advantages, such as high biomass, high metabolic activity and strong resist-
ance to toxic chemicals (An, Zhou, Li, Fu, & Sheng, 2008; Cai, Chen, Ren,
Cai, & Zhang, 2011; Junter & Jouenne, 2004; Liu, Guo, Liao, & Wang,
2012). Moreover, immobilized microorganisms can be used several times
without significant loss of activity (Rhee, Lee, & Lee, 1996). Therefore,
alginate immobilized microorganism technology has received substantial
attention for wastewater treatment (An et al., 2008).

3. Alginate-based composites as adsorbents for environmental
applications

Alginate-based composites are fabricated as absorbents for both inorganic
and organic contaminants. The adsorption mechanisms typically involve
ion exchange and electrostatic interactions (Figure 4). Special functionalities
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Figure 3. Photographs of different nanomaterial-alginate hybrid beads. Ca-alginate beads (A);
Zero-valent iron nanoparticle-alginate composite beads (B); Silver nanoparticle-alginate compos-
ite beads (C); Fe2O3 nanoparticle-alginate composite beads (D); MgO nanoparticle-alginate com-
posite beads (E).
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of encapsulated materials may bring in other benefits depending on the
needs and applications. This section is intended to discuss the performance
and mechanisms of various types of composites for the removal of dyes,
heavy metals, and antibiotics.

3.1. Dyes

Dyes are intensely colored complex organic compounds which have been
heavily used in the textile industry. Release of processed dye wastes into
the aquatic environment may result in harmful impacts on human health
and the environment. The most obvious impact is the reduction of light
penetration, thereby affecting the primary productivity of aquatic ecosys-
tems. Some dyes and their derivatives are toxic to aquatic plants, fish, and
shell fish. The removal of dye from wastewater is largely based on the
adsorption technique whereby the dissolved dye is adsorbed by the sorbent
(Fang, Gao, Mosa, & Zhan, 2017; Fang, Gao, Zimmerman, Ro, & Chen,
2016; Gupta & Suhas, 2009; Robinson, Mcmullan, Marchant, & Nigam,
2001; Zhang & Gao, 2013). Alginate itself is an excellent sorbent for dye
removal. The potential use of pure calcium alginate beads for removal of
black dyes was studied in a dynamic batch mode by Aravindhan et al.
(Aravindhan, Fathima, Rao, & Nair, 2007). The adsorption isotherm sug-
gested a Langmuir adsorption capacity of 57.70mg g�1. The performance
of alginate-based composites for dye removal is summarized in Table 1 for
a subset of studies. Each type of the composites is highlighted below.

Figure 4. Adsorption mechanisms of different alginate-based composites on organic and inor-
ganic contaminants in water.
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3.1.1. Activated carbon/alginate beads
Recent studies have shown that AC immobilized into calcium alginate
removed a significant amount of dyes from wastewater (Hassan, Abdel-
Mohsen, & Fouda, 2014). Benhouria et al. prepared bentonite-alginate
beads, activated carbon-alginate beads, and activated carbon-bentonite-
alginate beads via a simple fabrication method to remove methylene blue

Table 1. Alginate-based composites for the removal of synthetic dyes from aqueous solution.

Adsorbent Adsorbate

Adsorption
capacity
(mg g�1) pH

Temperature
(�C) Ref

GO/CA fibers Methylene blue 181.81 5.4 25 (Li et al., 2013)
Calcium alginate beads Basic black dye 57.70 4.0 30 (Aravindhan et al., 2007)
Graphene/alginate nanocomposite Methylene blue 2300 8.0 25 (Zhuang, Yu, Chen, &

Ma, 2016)
Alginate-halloysite nanotube Methylene blue 250 — 35 (Liu, Wan, et al., 2012)
CA/MWCNTs Methylene blue 606.1 — 25 (Sui et al., 2012)
CA/MWCNTs Methyl orange 12.5 — 25 (Sui et al., 2012)
CA/AC beads Methylene blue 892 — 20 (Hassan, Abdel-Mohsen, &

Fouda, 2014)
CA/AC beads Methylene blue 730 — 40 (Hassan, Abdel-Mohsen, &

Fouda, 2014)
AC–bentonite–alginate beads Methylene blue 756.97 — 30 (Benhouria et al., 2015)
AC–bentonite–alginate beads Methylene blue 982.47 — 40 (Benhouria et al., 2015)
AC–bentonite–alginate beads Methylene blue 994.06 — 50 (Benhouria et al., 2015)
Sodium alginate- Fe3O4 Malachite green 47.84 7.0 25 (Mohammadi et al., 2014)
AC/CA beads Rhodamine 6G — — — (Annadurai et al., 2002)
Alginate/polyaspartate beads Methylene blue 700 — 25 (Jeon, Lei, & Kim, 2008)
Alginate/polyaspartate beads Malachite green 350 — 25 (Jeon et al., 2008)
Magnetic alginate beads Methylene blue 22.06 6.7 — (Rocher et al., 2008)
Magnetic alginate beads Methyl orange 0.65 6.7 — (Rocher et al., 2008)
Magnetic alginate beads cross-

linked with epichlorohydrin
Methylene blue 261.73 — — (Rocher et al., 2010)

Magnetic alginate beads cross-
linked with epichlorohydrin

Methyl orange 6.55 — — (Rocher et al., 2010)

CABI nano-goethite Congo red 181.1 3.0 25 (Munagapati & Kim, 2017)
SA/n-TiO2 Direct Red 80 163.9 2.0 25 (Mahmoodi, Hayati, Arami,

& Bahrami, 2011)
SA/n-TiO2 Acid Green 25 151.5 2.0 25 (Mahmoodi et al., 2011)
Activated organo-bentonite/SA Methylene blue 414 — 23 (Belhouchat, Zaghouane-

Boudiaf, & Viseras, 2017)
Activated organo-bentonite/SA Methylene orange 116 — 23 (Belhouchat et al., 2017)
Methylcellulose/CA beads Methylene blue 336.7 — 20 (Li et al., 2016)
Silver nanocomposite hydrogel Methylene blue 213.7 — Room T (Devi, Kumar, &

Kumar, 2016)
Montmorillonite/CA composite Basic red

46 (BR46)
35 — — (Hassani et al., 2015)

SA/poly(N-vinyl-2-pyrroli-
done) beads

Reactive red-
120 (RR),

116.82 — 25 (Inal & Erduran, 2015)

Magnetic ferrite nanoparticle–algi-
nate composite

Basic Blue 9 (BB9) 106 — 25 (Mahmoodi, 2013)

Magnetic ferrite nanoparticle–algi-
nate composite

Basic Blue
41 (BB41)

25 — 25 (Mahmoodi, 2013)

Magnetic ferrite nanoparticle–algi-
nate composite

Basic Red
18 (BR18)

56 — 25 (Mahmoodi, 2013)

SA/poly(N-vinyl-2-pyrroli-
done) beads

Cibacron brilliant
red 3B-A

73.3 — 25 (Inal & Erduran, 2015)

SA/poly(N-vinyl-2-pyrroli-
done) beads

Remazol brilliant
blue R

55.28 — 25 (Inal & Erduran, 2015)

Alginate–montmorillonite compos-
ite beads

Methylene blue 181.8 — 40 (Uyar, Kaygusuz, &
Erim, 2016)
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(MB). The results showed that maximum monolayer adsorption capacity of
activated carbon-bentonite-alginate beads was 756.97mg g�1 at 30 �C with
high resilience on adsorption efficiency after six regeneration cycles
(Benhouria, Islam, Zaghouane-Boudiaf, Boutahala, & Hameed, 2015).
Annadurai et al. studied batch adsorption equilibrium of Rhodamine 6G
using activated carbon incorporated into calcium alginate beads and
obtained high percentages of adsorption of Rhodamine 6G (Annadurai,
Juang, & Lee, 2002).
Although the activated carbon and alginate composite processes excellent

adsorption properties for dyes, the cost and reuse of activated carbon is still
of concern. In order to make the activated carbon-alginate beads a magnet-
ically separable adsorbent, the magnetic beads were prepared with a high
magnetic sensitivity under an external magnetic field [31]. This provides an
easy and efficient way to separate the beads from aqueous solution.

3.1.2. Graphene oxide/alginate composites
The GO and alginate biopolymer composites offer great potential for dye
removal from wastewaters. For example, Yin et al. successfully fabricated
graphene oxide (GO)/sodium alginate (SA)/polyacrylamide (PAM) (GO/
SA/PAM) composite hydrogels for adsorption of cationic dyes (R6G, MB,
MG, and BG) and anionic dyes (CA, MO, BR and RB) (Fan, Shi, Lian, Li,
& Yin, 2013). In addition, Fan et al. fabricated a novel graphene oxide
(GO)/sodium alginate (SA)/polyacrylamide (PAM) ternary nanocomposite
hydrogel through free-radical polymerization of acrylamide (AAm) and SA
in the presence of GO in an aqueous system followed with ionically cross-
linking of calcium ions. The GO/SA/PAM ternary nanocomposite hydrogel
exhibited excellent adsorption properties for water-soluble dyes. After
introducing GO, the dye adsorption capacities of the hydrogel were signifi-
cantly improved (Fan et al., 2013). Li et al. prepared the calcium alginate-
GO composites and found that the maximum MB adsorption capacity
obtained from Langmuir isotherm equation was 181.81mg g�1. The
adsorption reaction was exothermic and spontaneous in nature, occurring
on the homogenous surface of GO/CA by monolayer adsorption (Li
et al., 2013).

3.1.3. Carbon nanotubes (CNTs)/Ca-alginate beads
Carbon nanotubes (CNTs) have been intensively studied as a potential
material to be used in a variety of applications based on their specific phys-
ical and chemical properties (Wang, Gao, Zimmerman, & Lee, 2018, Gupta,
Kumar, Nayak, Saleh, & Barakat 2013; Gupta & Saleh 2013). Sui et al.
investigated the adsorption of methylene blue (MB) and methyl orange
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(MO) ionic dyes onto calcium alginate/multi-walled carbon nanotubes
(CA/MWCNT) composite fibers with varying MWCNTs content and pH
values. The results showed that an introduction of MWCNTs increased the
adsorption capacity of MO by 3 times, and enhanced the adsorption rate
for MB compared to that of native CA (Sui et al., 2012). Li et al. prepared
the CA/MWCNTs composite fiber to remove MO anionic dyes and the
results illustrated that the introduction of MWCNTs obviously increased
the adsorption capacity of MO, reaching about 14.13mg g�1 (Li et al.,
2012). Although the adsorption capacity increased using CNTs, the tedious
centrifugation separation process might be a limiting factor and thus intro-
ducing magnetic properties into multi-wall carbon nanotube system will
help with the separation process (Gong et al., 2009).

3.1.4. Other alginate nanocomposites
In addition to GO and CNTs, alginate has been blended with other natural
and engineered nanoparticles to form nanocomposites to enhance the
adsorption capacity (Tesh & Scott, 2014; Wang et al., 2018a, 2018b; Wang,
Gao, Zimmerman, Zheng, et al., 2018). Mohammadi et al. prepared super-
paramagnetic sodium alginate-coated Fe3O4 nanoparticles for removal of
malachite green (MG) from aqueous solutions. The maximum adsorption
capacity obtained from Langmuir isotherm equation was 47.84mg g�1

(Mohammadi, Daemi, & Barikani, 2014). Liu et al. prepared a new kind of
porous beads by immobilizing halloysite nanotubes with alginate and found
that the maximum MB adsorption capacity of about 250mg g�1. After 10
successive adsorption-desorption cycles, the removal efficiency of MB could
be kept above 90% (Liu, Wan, et al., 2012). The alginate gel beads popu-
lated by halloysite nanotubes improved their ability to capture the dye so
that they can have important implications for the enhancement of con-
trolled adsorption. Compared to the unloaded gel beads, the hybrid gel
beads are very effective and efficient for removing positively charged dye
from the aqueous phase with enhanced properties (Cavallaro, Gianguzza,
Lazzara, Milioto, & Piazzese, 2013).
Some novel synthesized composites showed great promise in removal of

dyes. Nano-sized montmorillonite (MMT)/calcium alginate (CA) composite
synthesized by Hassani et al. removed basic red 46 (BR46) in aqueous solu-
tion with the maximum adsorption capacity of about 35mg g�1 (Hassani,
Soltani, Karaca, & Khataee, 2015). Wang, Wang, and Wang (2013) pre-
pared a series of NaAlg-g-p(AA-co-St)/organo-I/S nanocomposite absorb-
ents to remove methylene blue (MB) and found that the nanocomposite
can rapidly adsorb MB with an adsorption capacity of 1843.46mg g�1.
TiO2 immobilized in a Ca-alginate bead retained its photoactivity during
all of the experiments and the TiO2-gel beads presented good stability in
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water for maintaining its shape after several uses (Albarelli, Santos,
Murphy, & Oelgem€oller, 2009). Impregnated calcium alginate beads with
nano-goethite (CABI nano-goethite) removed Congo red (CR) from an
aqueous solution, the maximum monolayer adsorption capacity was
181.1mg g�1 at pH 3.0 and the adsorption process was endothermic and
favored at high temperature (Munagapati & Kim, 2017).

3.1.5. Magnetic Ca-alginate beads
A series of studies have reported that alginate beads containing magnetic
nanoparticles and activated carbon (AC-MAB) can selectively remove two
dyes with different charges: positively charged MB and negatively charged
methyl orange (MO). The adsorption capacity of beads was found to be
higher than non encapsulated AC for MB and of the same order of magni-
tude for MO. The AC-MAB system selectively and strongly adsorbs MB
due to the presence of carboxylate functions of both alginate and magnetic
nanoparticles through ionic exchange with calcium ions (Rocher, Siaugue,
Cabuil, & Bee, 2008).
Rocher et al. prepared another magnetic alginate beads by an extrusion

technique and crosslinked with epichlorohydrin which contains both mag-
netic nanoparticles and activated carbon (Rocher, Bee, Siaugue, & Cabuil,
2010). With the addition of magnetic properties, the beads can be easily
recovered or manipulated by an external magnetic field. Two mechanisms
can be explained the adsorption process: (1) a hydrophobic adsorption
onto encapsulated activated carbon which depends neither on the electrical
charge of the dye, nor of the solution pH; (2) an ionic exchange between
the positively charged dye and calcium ions and sodium ions, the counter
ions of the carboxylate functions of both alginate and citrate-coated mag-
netic nanoparticles (Rocher et al., 2010).
Rosales et al. studied the decolorization of dyes under electro-Fenton

process using Fe alginate gel beads and found that around 98-100% of dye
decolorization was obtained for both dyes by an electro-Fenton process in
successive batches (Rosales, Iglesias, Pazos, & Sanrom�an, 2012). Mahmoodi
synthesized magnetic ferrite nanoparticle-alginate composite used to
remove dyes from the binary system. The maximum dye adsorption cap-
acity of MFN-alginate was 106mg g�1, 25mg g�1, and 56mg g�1 for BB9,
BB41, and BR18, respectively (Mahmoodi, 2013).

3.1.6. Microalgae immobilized in Ca-alginate beads
Immobilization of microbial cells in alginate beads has received increasing
interest for dye removal. Chen et al. developed an efficient sol-gel method
for fabricating alginate-silicate organic-inorganic gel beads for immobilization
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of P. luteola cells and demonstrated the usefulness of such immobilized cells
system in azo dye decolorization. The results indicated that the alginate-sili-
cate matrix showed improvement over other synthetic or natural polymer gel
matrices for immobilizing P. luteola in decolorization of Reactive Red 22
(Chen & Lin, 2007). Enayatzamir et al. studied the ability of white-rot fungus
Phanerochaete chrysosporium immobilized on Ca-alginate beads to decolorize
different recalcitrant azo dyes. The results showed that the MnP secreted by
the fungus played the main role while adsorption was found to be negligible
except for the dye BB in this decoloration process (Enayatzamir, Alikhani,
Yakhchali, Tabandeh, & Rodr�ıguez-Couto, 2010). Daâssi et al. found that the
immobilization of P. laccase into Ca-alginate beads improved its thermal and
storage stabilities and the immobilized P. laccase exhibited efficient textile
dye decolorization in several successive batches (Daâssi, Rodr�ıguez-Couto,
Nasri, & Mechichi, 2014).

3.2. Heavy metals

Heavy metals in wastewater of industry and mining enterprises are of great
environmental concerns due to their low toxicity thresholds and cumula-
tive biological effects (Inyang et al., 2012; Xue et al., 2012; Zhou et al.,
2013). It is extremely expensive to remove heavy metals from wastewater
and reduce their toxicity in the environment. Several low-cost adsorbents
and biopolymers, such as alginate and chitosan extracted from microalgae,
shrimp, crab, and fungi are known to bind metal ions and could be used
for heavy metal removal from wastewater (Babel & Kurniawan, 2003;
Zhou et al., 2014; Zhou, Gao, Zimmerman, & Cao, 2014; Zhou et al.,
2013). Alginate is rich in carboxyl, hydroxyl and other active functional
groups, which can react with heavy metals through ion exchange or com-
plex reaction. Therefore, it can be used as adsorption material to remove
heavy metals. The performance of alginate-based composites for heavy
metal removal is summarized in Table 2. Each type of the composites is
highlighted below.

3.2.1. Ca-alginate beads
Alginate with a high M/G ratio, extracted from Laminaria digitata, was
evaluated for Cu(II), Cd(II) and Pb(II) sorption in acidic solutions, in the
form of calcium cross-linked beads. The high M/G ratio of alginate
extracted from this algal species is most likely the determining factor for
the increased adsorption capacity of the investigated metals, and the man-
nuronic acid in particular is responsible for the ion exchange mechanism.
The presence of carboxyl groups in the alginate structure enhances the
adsorption of many metal ions compared with other adsorbents. There are
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Table 2. Alginate-based composites for the removal of heavy metals from aqueous solution.

Adsorbent Adsorbate

Adsorption
capacity
(mg g�1) pH

Temperature
(�C) Ref.

Biochar-alginate beads Cd(II) 9.73 6.0 — (Roh et al., 2015)
Graphite nano carbon beads Co(II) 11.63 5.0 Ambient T (Jung et al., 2015)
Graphite nano carbon beads Ni(II) 11.48 5.0 Ambient T (Jung et al., 2015)
Chitosan coated calcium alginate Ni(II) 222.2 5.0 Room T (Vijaya, Popuri, Boddu, &

Krishnaiah, 2008)
Alginate–chitosan hybrid

gel beads
Cu(II) 8.38 3.5 25 (Gotoh, Matsushima, &

Kikuchi, 2004b)
Alginate–chitosan hybrid

gel beads
Cd(II) 6.63 3.5 25 (Gotoh et al., 2004b)

Alginate–chitosan hybrid
gel beads

Co(II) 3.18 3.5 25 (Gotoh et al., 2004b)

Iron oxide loaded alginate beads As(V) 0.0226 7.0 — (Zouboulis &
Katsoyiannis, 2002)

Waste metal (hydr)oxide in
CA beads

As(III) 126.5 8.0 20 (Escudero, Fiol, Villaescusa,
& Bollinger, 2009)

Waste metal (hydr)oxide in
CA beads

As(V) 41.6 8.0 20 (Escudero et al., 2009)

CA/GO beads Cu(II) 60.2 — — (Algothmi, Bandaru, Yu,
Shapter, & Ellis, 2013)

Biochar-alginate capsule Pb(II) 263.158 5.0 27 (Do & Lee, 2013)
CA beads from Laminaria digitata Cu(II) 88.95 4.5 25 (Papageorgiou et al., 2006)
CA beads from Laminaria digitata Cd(II) 130.77 4.5 25 (Papageorgiou et al., 2006)
CA beads from Laminaria digitata Pb(II) 374.67 4.5 25 (Papageorgiou et al., 2006)
Orange peel cellulose immobilized

CA beads
Cu(II) 166.7 — 28 (Lai, Thirumavalavan, &

Lee, 2010)
Orange peel cellulose immobilized

CA beads
Pb(II) 128.2 — 28 (Lai et al., 2010)

Orange peel cellulose immobilized
CA beads

Zn(II) 156.25 — 28 (Lai et al., 2010)

Banana peel cellulose immobilized
CA beads

Cu(II) 163.93 — 28 (Lai et al., 2010)

Banana peel cellulose immobilized
CA beads

Pb(II) 121.95 — 28 (Lai et al., 2010)

Banana peel cellulose immobilized
CA beads

Zn(II) 183.85 — 28 (Lai et al., 2010)

Ca-alginate beads Cu(II), 84.39 4.5 25 (Papageorgiou, Katsaros,
Kouvelos, &
Kanellopoulos, 2009)

Ca-alginate beads Cd(II) 141.97 4.5 25 (Papageorgiou et al., 2009)
Ca-alginate beads Pb(II) 360.11 4.5 25 (Papageorgiou et al., 2009)
Sodium alginate Cu(II) 167.1 4.5 — (Wang, Lu, & Li, 2016)
Sodium alginate Cd(II) 179.0 4.5 — (Wang, Lu, et al., 2016)
Sodium alginate Pb(II) 435.3 4.5 — (Wang, Lu, et al., 2016)
Polyvinyl alcohol (PVA)- SA beads Cu(II) 0.69 — — (Cai et al., 2016)
Halloysite/alginate nanocompo-

site beads
Pb(II) 325 5.0 25 (Chiew et al., 2016)

Polyvinyl alcohol (PVA)- SA beads Cd(II) 0.52 — — (Cai et al., 2016)
Polyvinyl alcohol (PVA)- SA beads Pb(II) 0.60 — — (Cai et al., 2016)
Ca-Fe beads As(V) 352 — — (Min & Hering, 1998)
SA-hydroxyapatite-CNT beads Co(II) 347.8 6.8 21 (Karkeh-Abadi, Saber-

Samandari, & Saber-
Samandari, 2016)

Fe0-Fe3O4 nanocomposites
embedded polyvinyl alcohol
(PVA)/sodium alginate

Cr(VI) 5.0 30 (Lv et al., 2013)

Magnetic alginate beads Pb(II) 100 4.7 Room T (B�ee et al., 2011)
Magnetic alginate beads Pb(II) 50 7.0 30 (Idris et al., 2012)
Alginate-montmorillonite/polyani-

line nanocomposite
Cr(VI) 29.89 — — (Olad & Farshi Azhar, 2014)

(continued)
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Table 2. Continued.

Adsorbent Adsorbate

Adsorption
capacity
(mg g�1) pH

Temperature
(�C) Ref.

Bio-polymeric beads Cr(VI) 0.833 6.0 — (Bajpai, Shrivastava, &
Bajpai, 2004)

Fe3O4@Alg-Ce magnetic beads Cr(VI) 9.166 5.0 30 (Gopalakannan &
Viswanathan, 2015)

Fe3O4@Alg-Ce magnetic beads Cr(VI) 11.069 5.0 40 (Gopalakannan &
Viswanathan, 2015)

Fe3O4@Alg-Ce magnetic beads Cr(VI) 12.503 5.0 50 (Gopalakannan &
Viswanathan, 2015)

Chitosan–alginate beads Cu (II) 67.66 4.5 Room T (Ngah & Fatinathan, 2008)
Microgel/SA composite Cu(II) 46.39 — — (Zhao et al., 2016)
Alginate activated carbon beads Phenol 96.0 3 25 (Kim et al., 2008)
Alginate activated carbon beads Phenol 85.6 7 25 (Kim et al., 2008)
Alginate activated carbon beads Phenol 69.6 10 25 (Kim et al., 2008)
Nanochitosan/SA/microcrystalline

cellulose beads
Cu(II) 43.32 — — (Vijayalakshmi, Gomathi,

Latha, Hajeeth, &
Sudha, 2016)

Magnetic nanocomposite beads Cu(II) 72.99 6.0 25 (Bakr et al., 2015)
Graphene/alginate double-net-

work nanocomposite
Cu(II) 169.5 4.0 — (Zhuang et al., 2016)

Graphene/alginate double-net-
work nanocomposite

Cr(VI) 72.5 4.0 — (Zhuang et al., 2016)

Sodium alginate/graphene
oxide aerogel

Cu(II) 98.0 5.0 30 (Jiao et al., 2016)

Sodium alginate/graphene
oxide aerogel

Pb(II) 267.4 5.5 30 (Jiao et al., 2016)

Nanohydroxyapatite–alginate
composite

Pb(II) 270.3 5.0 Ambient T (Googerdchian et al., 2012)

Halloysite nanotube–alginate
hybrid beads

Cu(II) 74.13 — — (Wang et al., 2014)

Silica nanopowders/algin-
ate composite

Pb(II) 83.33 5.0 — (Soltani et al., 2014)

Alginate activated carbon bead Zn(II) 135 6.8 32 (Choi et al., 2009)
Alginate activated carbon bead Toluene 215 6.8 32 (Choi et al., 2009)
Alginate Pleurotus ostreatus Pb(II) 121.21 6.5 25 (Xiangliang, Jianlong, &

Daoyong, 2005)
White-rot fungus Trametes versi-

color in CA bead
Cd(II) 120.6 6.0 25 (Arıca et al., 2001)

Lentinus sajor-caju immobilized
Ca-alginate

Cd(II) 123.5 6.0 25 (Bayramoglu et al., 2002)

Alginate-Ayous wood sawdust
(Triplochiton scleroxylon)

Cd(II) 6.21 — — (Njimou, M�aic�aneanu,
Indolean, Nanseu-Njiki, &
Ngameni, 2016)

CA immobilized Phanerochaete
chrysosporium

Cd(II) 85.4 6.0 25 (Kaçar et al., 2002)

CA immobilized Phanerochaete
chrysosporium

Hg(II) 112.6 6.0 25 (Kaçar et al., 2002)

Fe3O4 nanoparticles embedded SA Cd(II) 97.8 6.2 (Jiao, Qi, Liu, Wang, &
Shan, 2015)

CA immobilized Phanerochaete
chrysosporium

Pb(II) 355 7.0 25 (Yakup Arıca et al., 2003)

CA immobilized Phanerochaete
chrysosporium

Zn(II) 48 7.0 25 (Yakup Arıca et al., 2003)

Spirulina platensis TISTR 8217
immobilized in alginate

Cd(II) 70.92 7.0 26 (Rangsayatorn et al., 2004)

Ca-alginate immobilized
wood-rotting fungus

Hg(II) 403.2 6.0 20 (Arıca et al., 2001)

Ca-alginate immobilized
wood-rotting fungus

Zn(II) 54.0 6.0 20 (Arıca et al., 2001)

Ca-alginate immobilized
wood-rotting fungus

Cd(II) 191.6 6.0 20 (Arıca et al., 2001)

(continued)
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pronounced differences between sorption capacities of the alginate beads
for different metals examined, with a general order of Pb(II) > Cu(II) >
Cd(II) (Papageorgiou et al., 2006). Alginate gel beads showed a high affinity
for heavy metal ions of Cu(II) and Mn(II), especially in a low concentra-
tion region. After covalently cross-linked with 1,6-diaminohexane bridges,
the matrix of alginate gel beads was expected to improve the mechanical
strength and resistance to chemical and microbial degradation of the beads,
without the change in adsorption property. Ca-alginate beads also were
applied to remove U(VI) ions from the solution and the results indicated
that the interaction between uranium ions and Ca-alginate beads is endo-
thermic in nature. Values of entropy and Gibbs free energy change

Table 2. Continued.

Adsorbent Adsorbate

Adsorption
capacity
(mg g�1) pH

Temperature
(�C) Ref.

Ca-alginate immobilized-
algal beads

Hg(II) 116.8 5.0 25 (Bayramo�glu, Tuzun, Celik,
Yilmaz, & Arica, 2006)

Ca-alginate immobilized-
algal beads

Cd(II) 88.6 5.0 25 (Bayramo�glu et al., 2006)

Ca-alginate immobilized-
algal beads

Pb(II) 384.4 5.0 25 (Bayramo�glu et al., 2006)

Bacterial consortia immobilized in
alginate beads

Cr(VI) 657 3.0 30 (Samuel et al., 2013)

Alginate–goethite beads Cr(III) 20.67 3.0 20 (Lazaridis &
Charalambous, 2005)

Alginate–goethite beads Cr(VI) 23.38 3.0 20 (Lazaridis &
Charalambous, 2005)

Scenedesmus quadricauda immobi-
lized Ca-alginate beads

Cu(II) 75.6 5.0 25 (Bayramo�glu & Yakup
Arıca, 2009)

Scenedesmus quadricauda immobi-
lized Ca-alginate beads

Zn(II) 55.2 5.0 25 (Bayramo�glu & Yakup
Arıca, 2009)

Scenedesmus quadricauda immobi-
lized Ca-alginate beads

Ni(II) 30.4 5.0 25 (Bayramo�glu & Yakup
Arıca, 2009)

SA-polyaniline nanofibers Cr(VI) 73.34 4.2 30 (Karthik & Meenakshi, 2015)
SA-polyaniline nanofibers Cr(VI) 74.46 4.2 40 (Karthik & Meenakshi, 2015)
SA-polyaniline nanofibers Cr(VI) 75.82 4.2 50 (Karthik & Meenakshi, 2015)
Ca-alginate immobilized seri-

cite bead
Ni(II) 10.743 7.5 (Jeon & Cha, 2015)

Goethite impregnated calcium
alginate beads

As(V) 30.44 5.0 25 (Basu, Singhal, Pimple, &
Reddy, 2015)

Phosphate-embedded calcium
alginate beads

Pb(II) 263.16 4.0 25 (Wang, Yao, et al., 2016)

Phosphate-embedded calcium
alginate beads

Cd(II) 82.64 5.5 25 (Wang, Yao, et al., 2016)

SA-graft-poly(methyl methacrylate)
beads

Pb(II) 526 — — (Salisu, Sanagi, Abu Naim,
Wan Ibrahim, & Abd
Karim, 2016)

Alginate graft polyacryloni-
trile beads

Pb(II) 454 — — (Salisu, Sanagi, Abu Naim,
Abd Karim, et al., 2016)

SA–carboxymethyl cellulose
gel beads

Pb(II) 1727 5.0 37 (Ren et al., 2016)

Quercetin loaded nanoparticles
based on alginate

Pb(II) 140.37 7.0 25 (Qi, Jiang, Cui, Zhao, &
Zhou, 2015)

Functional CNTs-SA U(II) 6.01 6.0 Ambient T (Allaboun, Fares, & Abu Al-
Rub, 2016)

CNTs/CA Cu(II) 84.88 5.0 20 (Li et al., 2010)
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suggested that the adsorption of uranium on Ca-alginate is a spontaneous
process (Gok & Aytas, 2009). That is, the covalently cross-linked alginate
gel beads are expected to be a good candidate for adsorbents to remove
heavy metal ions from low heavy metal concentration wastewater (Gotoh,
Matsushima, & Kikuchi, 2004a).

3.2.2. Activated carbon/Ca-alginate beads
While AC has used widely to remove organic substances, AC immobilized
in alginate beads has been studied for the removal of heavy metals in water
and wastewater (Hassan, Abdel-Mohsen, & Elhadidy, 2014). Hassan et al.
investigated three different adsorbent materials namely; KOH-activated car-
bon-based apricot stone (C), calcium alginate beads (G) and calcium algin-
ate/activated carbon composite beads (GC) for the As removal. The results
indicated that GC exhibited the maximum As(V) adsorption (66.7mg g�1

at 30 �C) (Hassan, Abdel-Mohsen, & Elhadidy, 2014). Kim et al. studied
adsorption equilibrium characteristics of Cu and phenol onto powdered
AC, alginate bead and alginate-activated carbon (AAC) bead. The adsorp-
tion capacity of Cu(II) onto different adsorbents was in the following order:
alginate bead>AAC bead>AC; that of phenol was: AC>AAC
bead> alginate bead (Kim, Jin, Park, Kim, & Cho, 2008). Choi et al. pro-
duced a novel alginate complex by impregnating synthetic zeolite and pow-
dered activated carbon (PAC) into alginate gel bead and found that the
composite could simultaneously remove zinc and toluene from aqueous
solution. The maximum adsorption capacity of alginate complex for zinc
and toluene obtained from Langmuir adsorption isotherm was 4.3 g kg�1

and 13.0 g kg�1, respectively (Choi, Yang, Kim, & Lee, 2009).

3.2.3. Biochar/Ca-alginate composites
Previous studies have indicated that engineered biochar serves as a low-cost
AC alternative for adsorption of heavy metals (Ding, Hu, Wan, Wang, &
Gao, 2016; Lyu, Gao, He, Zimmerman, Ding, Huang, et al., 2018; Wan
et al., 2016; Wan, Wu, He, Zhou, Wang, Bin, & Chen 2017; Wang, Lee,
Lehmann, & Gao, 2018). Adsorption of Cd(II) by biochar-alginate bead
was studied using batch systems and continuous fixed bed columns and the
results indicated that biochar-alginate beads, Ambrosia trifida L. var.
Trifida biochar-alginate beads (ATLB-AB) can be applied as an eco-friendly
and potential adsorbent for the removal of Cd(II) from groundwaters (Roh
et al., 2015; Wang et al., 2018b). Do and Lee also synthesized a biochar-
alginate capsule to remove lead ions Pb(II) from an aqueous solution. The
maximum adsorption capacity for Pb(II) was found to be 263.158mg g�1

at pH of 5.0 (Do & Lee, 2013).
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3.2.4. Graphene oxide/Ca-alginate beads
In the last decade, GO has been studied for the removal of heavy metals,
synthetic dyes, and other organic compounds (Bai et al., 2016; Chen, Gao,
& Li, 2014; Chen et al., 2015; Zhang, Gao, Cao, & Yang, 2013). However,
regeneration and separation of GO from aqueous media are difficult
because it disperses so well in water. To solve this problem, several
attempts were made to couple magnetic nanoparticles with fabrication of
GO composites (Chandra et al., 2010; Liu, Gao, Fang, Wang, & Cao, 2016;
Shen et al., 2010; Zhang, Gao, Li, Zhang, & Hardin, 2013; Zhang, Gao,
Yao, Xue, & Inyang, 2012). Vu et al. fabricated magnetite GO encapsulated
in calcium alginate beads (mGO/beads) to absorb Cr(VI) and As(V) from
wastewater (Vu et al., 2017). They found that the mGO/bead maintained
its activity in wastewater and exhibited greater adsorption efficiency for
both Cr(VI) and As(V) than activated carbon and carbon nanotube. Lv
et al. introduced graphene oxide (GO) into alginate gel before mixing with
zero-valent iron nanoparticles (Fe0 NPs) to create Fe0 NPs embedded gra-
phene oxide alginate beads (Fe@GOA beads), which were further reduced
to Fe0 NPs embedded reduced graphene oxide-alginate beads (Fe@GA
beads) (Lv et al., 2017). The Fe@GA beads were examined for Cr(VI)
removal. The result showed that 1% of alginate and 1.5-2.0% of Fe0 by
weight performed the best with a maximum adsorption capacity of about
34mg g�1.

3.2.5. Carbon nanotubes (CNTs)/Ca-alginate beads
CNTs-alginate beads show synergistic effects on removal of heavy metals
(Wang, Gao, Zimmerman, & Lee, 2018). Studies have shown that the intro-
duction of carbon nanotubes into alginate can improve the physicochemical
properties of alginate-based composites, thereby enhancing its ability to
adsorb heavy metals (Wang, Gao, Zimmerman, & Lee, 2018). Li et al.
mixed CNTs and SA and added to the CaCl2 solution to prepare CNTs-CA
composites. The results show that the specific surface area and pore size of
CA gel is 28m2 g�1 and 0.06 cm3 g�1, respectively. When combined with
CNTs, the high specific surface area and pore size of CNTs can form
microchannels in the composites. The specific surface area and pore size of
CNTs-CA composites were 76m2 g�1 and 0.37 cm3 g�1, respectively.
Under the same conditions, the adsorption capacity of Cu (II) on CA gel
was better than that of CNTs. When the equilibrium concentration was
5mg L�1, the adsorption capacity was 52.1mg g�1 for CA gel and increased
to 67.9mg g�1 for CNTs-CA (Li et al., 2010). Under the same conditions,
the adsorption performance of CNTs-CA composites to Cu(II) was signifi-
cantly higher than that of CNTs.
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3.2.6. Other alginate nanocomposites
Alginate nanocomposites have excellent functional properties, biocompati-
bility and special nano-effects for heavy metal remediation. Googerdchian
et al. prepared the natural hydroxyapatite nanoparticles by mechanical acti-
vation method, and then compounded the particles with sodium alginate to
prepare the granular and film SA/nano-hydroxyapatite composites for
adsorption of Pb(II). The SA/nanohydroxyapatite composite membrane
exhibited strong Pb(II) adsorption ability (Googerdchian, Moheb, & Emadi,
2012). Soltani et al. entrapped silica nanopowders within calcium alginate
and reported that an optimal initial pH of 5.0 was good for Pb(II) adsorp-
tion with the maximum adsorption capacity of 83.33mg g�1 (Soltani,
Khorramabadi, Khataee, & Jorfi, 2014). The potential of Hal/alginate nano-
composite beads for the removal of Pb(II) in aqueous solutions was investi-
gated, and the Hal/alginate beads removed Pb(II) through ion exchange
with Ca(II) followed by coordination with carboxylate groups of alginate,
in addition to physisorption on Hal nanotubes (Chiew et al., 2016). Wang,
Zhang, Wang, Zhang, and Liu (2014) examined the adsorption behavior of
Cu(II) onto the halloysite nanotube-alginate hybrid bead by a continuous
fixed bed column adsorption experiment and demonstrated that the
adsorption capacity reached 74.13mg g�1. Lazaridis et al. developed a com-
posite alginate-goethite sorbent material for the removal of trivalent and
hexavalent chromium ions from binary aqueous solutions. The sorption
capacities for Cr(VI) and Cr(III) increased from 20.5 to 29.5mg g�1 and
20.7 to 25.3mg g�1, respectively, when temperature increased from 20 to
60 �C (Lazaridis & Charalambous, 2005).

3.2.7. Magnetic alginate beads
Several reports documented that magnetic materials fabricated in alginate
had excellent performance for the removal of Co(II), Pb(II), Ni(II), Cu(II),
Cr(VI), Au(III) (Bakr, Moustafa, Khalil, Yehia, & Motawea, 2015; B�ee,
Talbot, Abramson, & Dupuis, 2011; Gopalakannan & Viswanathan, 2015).
B�ee et al. developed a magsorbent by encapsulation of magnetic functional-
ized nanoparticles in calcium-alginate beads and reported that it was easily
collected from aqueous media by using an external magnetic field. The
authors concluded that magnetic alginate beads could be efficiently used to
remove heavy metals in a water treatment process (B�ee et al., 2011).
Synthesis of magnetic alginate hybrid beads was also tested for efficient
removal of chromium (VI) (Gopalakannan & Viswanathan, 2015). The
removal of nickel ions from aqueous solution using magnetic alginate
microcapsules was studied and the result indicated that the sorption cap-
acity of nickel increases with increasing pH (Ngomsik, Bee, Siaugue,
Cabuil, & Cote, 2006). Metal uptake capacity at low pH is attributed to an
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ionic exchange between protons and nickel ions. At higher pH, the adsorp-
tion of Ni is pH-dependent and corresponds to a competition between
nickel and calcium ions. A new calcium-alginate magnetic sorbent was pre-
pared by an electrostatic extrusion technique with a maximum adsorption
capacities of arsenic and copper ions of 6.75 and 60.24mg g�1, respectively,
much higher than those of commercial adsorbents (Lim & Chen, 2007).
The introduction of magnetic properties into calcium-alginate beads system
combines the high adsorption capacity of calcium-alginate beads and the
separation convenience of magnetic materials, offering a viable technique
for future applications.

3.2.8. Microorganisms immobilized in Ca-alginate beads
Alginate can be used as an immobilizing carrier to maintain the biological
activity of microorganisms and enzymes for the removal of heavy metal
ions. A large number of studies have shown that microbial immobilization
is effective for treatment of wastewaters with low concentrations of heavy
metals to meet discharge standards. Natural polymers, such as cellulose
derivatives, alginate, chitosan, and chitin have been used as the matrix for
immobilization of microbial cells. These polymers are also known to bind
metal ions (Zargar, Asghari, & Dashti, 2015). Arica et al. used calcium
alginate to immobilize white rot fungi to adsorb different metal ions in
wastewater. The maximum experimental biosorption capacities for
entrapped live and dead fungal mycelia of T. versicolor were 102.3mg g�1

and 120.6mg g�1, respectively (Arıca, Kaçar, & Genç, 2001). Then Arica
et al. immobilized the basidio spores of Phanerochaete chryosporium in
alginate gel beads to remove Pb(II) and Zn(II) ions from artificial waste-
water. The results indicated that the maximum biosorption capacity of
alginate beads and both immobilized live and heat inactivated fungus were
230, 282 and 355mg for Pb(II) and 30, 37 and 48mg for Zn(II) per gram
of dry biosorbents, respectively (Yakup Arıca, Arpa, Ergene, Bayramo�glu, &
Genç, 2003). Ariea et al. also immobilized Funalia trogii biomass in Ca-
alginate gel beads to adsorb Hg(II), Cd(II) and Zn(II) ions. The results
indicated that the metal biosorption capacities of the heat-inactivated
immobilized F. trogii for Hg(II), Cd(II) and Zn(II) were 403.2, 191.6, and
54.0mg g�1, respectively, while Hg(II), Cd(II) and Zn(II) biosorption
capacities of the immobilized live form were 333.0, 164.8 and 42.1mg g�1,
respectively (Arıca et al., 2001).
Bayramoglu et al. entrapped a white rot fungus species (Lentinus sajor-

caju) biomass into alginate gel via a liquid curing method in the presence
of Ca(II) to remove Cd(II) in a batch system. The maximum experimental
biosorption capacities for entrapped live and dead fungal mycelia of L.
sajur-caju were found to be 104.8 and 123.5mg g�1, respectively. The
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kinetics of cadmium biosorption were fast, with approximately 85% of bio-
sorption taking place within 30min (Bayramoglu, Denizli, Bektas, & Yakup
Arica, 2002). Kacar et al. immobilized basidiospores of Phanerochaete
chryosporium into Ca-alginate beads via entrapment, and the beads incu-
bated for vegetation at 30 �C for 5 days. The alginate beads and both
entrapped live and heat inactivated fungal mycelia of P. chryosporium were
used for the removal of Hg(II) and Cd(II) ions from aqueous solution in
the concentrations range of 30-500mg L�1. The adsorption capacities of
the immobilized live and heat inactivated fungal biomass reached 66.1 and
112.6mg g�1 for mercury and 50.0 and 85.4mg g�1 for cadmium, respect-
ively (Kaçar et al., 2002).
A large body of evidence shows that algae can effectively absorb and

enrich heavy metals in sewage (Prakasham, Merrie, Sheela, Saswathi, &
Ramakrishna, 1999; Rangsayatorn, Pokethitiyook, Upatham, & Lanza,
2004). The enrichment factor can reach several thousand times with an
enrichment capacity up to 10% of its dry weight. Immobilization can
increase the resistance of algal cells to heavy metal toxicity. Some scholars
studied the removal rate of the immobilization system and compared heavy
metal adsorption with dead and live algae. Prakasham et al. indicated that
immobilized microbial on sodium alginate effectively removed hexavalent
chromium at pH ¼2. The adsorbed metal ions can be desorbed by dilute
sulfuric acid (Prakasham et al., 1999). Rangsayatorn et al. studied biosorp-
tion of cadmium by immobilized Spirulina platensis on alginate gel and sil-
ica gel and found that the maximum biosorption capacities for alginate
immobilized cells and silica immobilized cells were 70.92 and 36.63mg g�1

biomass, respectively (Rangsayatorn et al., 2004).

3.3. Antibiotics

As an emerging pollutant, antibiotics pose a great threat to human health
and the environment in spite of their low concentrations in the aquatic
environment (K€ummerer, 2009). Traditional wastewater treatment

Table 3. Alginate-based composites for the removal of antibiotics from aqueous solution.

Adsorbent Adsorbate

Adsorption
capacity
(mg g�1) pH

Temperature
(�C) Ref.

EPCs@CMCS gel beads Tetracycline 136.9 6.0 25 (He et al., 2016)
CMCS gel beads Tetracycline 9.47 6.0 25 (He et al., 2016)
SA/graphene oxide beads Ciprofloxacin 86.12 — 25 (Fei et al., 2016)
GO/CA fibers Ciprofloxacin 39.06 5.9 Room T (Wu et al., 2013)
GO/CA fibers Tetracycline 131.6 6.0 25 (Zhu et al., 2018)
Alginate/graphene double

network hydrogel
Tetracycline 290.70 8.0 25 (Zhuang

et al., 2017)
Alginate/graphene double

network hydrogel
Ciprofloxacin 344.83 8.0 25 (Zhuang

et al., 2017)
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processes do not normally work well with most antibiotics. Therefore,
alginate-based composites have been investigated as a new adsorbent to
remediate antibiotic pollution (Table 3).

3.3.1. Magnetic alginate beads
There are a few reports about removal of antibiotics in water using mag-
netic alginate beads. Kim et al. found that nZVI-immobilized alginate beads
removed trichloroethylene (TCE) from aqueous solution by >99.8% (Kim
et al.). Konwar et al. prepared magnetic alginate-Fe3O4 hydrogel fibers
using a simple laboratory micropipette and found that the magnetic algin-
ate-Fe3O4 hydrogel fibers were effective in adsorption of ciprofloxacin
hydrochloride, while the blank alginate hydrogel fiber did not show any
significant adsorption. Anion exchange mechanism mainly controlled the
adsorption of antibiotic and the formation of hydrogen bonding between
the antibiotic and magnetic alginate beads can also result in the increase of
adsorption capacity (Konwar, Gogoi, & Chowdhury, 2015). Such magnetic
alginate-Fe3O4 hydrogel fibers can serve as a simple and cost-effective
probe for adsorption/separation of antibiotics, with additional advantages
of being easy to fabricate and having high thermal stability and mechanical
strength (Konwar et al., 2015).

3.3.2. Graphene oxide/Ca-alginate beads
Wu et al. prepared a new biocomposite fibers by a wet spinning method
using graphene oxide doped calcium alginate (GO/CA) (Wu et al., 2013).
The comparative study indicated that the addition of GO could signifi-
cantly improve the adsorption capacities of ciprofloxacin onto GO/CA
fibers. The encapsulation of GO into SA made the materials more porous,
provided p-p electron donor-acceptor interactions between graphene oxide
and ciprofloxacin, and introduced C＝O bonds into the composite (Fei, Li,
Han, & Ma, 2016). Zhu et al. prepared graphene oxide/calcium alginate
(GO/CA) composite fibers via a freeze-drying method using calcium chlor-
ide as a cross-linking reagent between graphene oxide and sodium alginate.
The maximum tetracycline adsorption capacity of the GO/CA composite
fibers predicted by the Langmuir model reached 131.6mg g�1. The mech-
anism of adsorption was the hydrogen bonding and p-p interaction which
serve as predominant contributions to the significantly enhanced adsorp-
tion capability (Zhu, Chen, Liu, & Li, 2018). To improve the adsorption
capacity of double network hydrogel, physical and chemical modifications
were made on alginate/graphene double network hydrogel. The modified
hydrogel featured a more porous structure and more functional groups
than that before modification. The maximum adsorption capacities of
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tetracycline and ciprofloxacin on GAD were 290.70 and 344.83mg g�1,
respectively (Zhuang, Yu, Ma, & Chen, 2017).

3.4. Other environmental applications

In addition to dyes, heavy metals and antibiotics, alginate-based composites
have also been used for remediation of other pollutants (Table 4). For
example, MnO2-alginate beads and alginate/Fe3O4 composite were used to
remove Sr(II) from seawater (Hong et al., 2016; Hong et al., 2017).
Removal of some rare earth elements and radionuclides from water was
reported using different alginate-based composites (Elwakeel, Daher, Abd

Table 4. Alginate-based composites for the removal of other pollutants from aque-
ous solution.

Adsorbent Adsorbate

Adsorption
capacity
(mg g�1) pH

Temperature
(�C) Ref.

MnO2-alginate beads Sr(II) 102.0 — 25 (Hong et al., 2017)
Alginate/Fe3O4 composite Sr(II) 12.5 6.0 25 (Hong et al., 2016)
Calcium alginates Yi (III) 97.087 6.0 24 (Khotimchenko

et al., 2015)
Sodium alginates Yi (III) 181.818 6.0 24 (Khotimchenko

et al., 2015)
Zirconium alginate beads Fluoride 28.05 2.0 30 (Qiusheng et al., 2015)
Hydrous ferric oxide doped

alginate beads
Fluoride 8.90 7.0 Ambient T (Sujana et al., 2013)

n-HApAlgLa
Composite Beads

Fluoride 4.536 Room T (Pandi &
Viswanathan, 2015)

n-HApAlgLa
Composite Beads

Fluoride 4.916 Room T (Pandi &
Viswanathan, 2015)

n-HApAlgLa
Composite Beads

Fluoride 5.271 Room T (Pandi &
Viswanathan, 2015)

Iron oxide loaded CA beads La(III) 123.5 5.0 25 (Wu et al., 2010)
Magnetic alginate beads La(III) 250 4.0 25 (Elwakeel et al., 2017)
nZnO-entrapped alginate

(alginate-nZnO) beads
H2S — — — (Gautam, Rahman,

Bezbaruah, & Borhan,
2016; Gautam
et al., 2017)

nZnO-entrapped alginate
(alginate-nZnO) beads

Greenhouse
gases’

— — — (Gautam et al., 2016;
Gautam et al., 2017)

Silver nanoparticle-alginate
composite beads

Disinfecting
bacteria

— — — (Lin et al., 2013)

Ammonium
molybdophosphate–CA
composite

Rb(I) 49.57 3.5–4.5 25 (Ye et al., 2009)

Ammonium
molybdophosphate–CA
composite

Cs(I) 91.70 3.5–4.5 25 (Ye et al., 2009)

Alginate/Iron (III)
Chloride Capsules

Phosphate 20 (Siwek et al., 2016)

Electrochemically modified
biochar CA beads

Phosphate 214.2 4.0 10 (Jung et al., 2017)

Electrochemically modified
biochar CA beads

Phosphate 292.98 4.0 20 (Jung et al., 2017)

Electrochemically modified
biochar CA beads

Phosphate 342.67 4.0 30 (Jung et al., 2017)
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El-Fatah, Abd El Monem, & Khalil, 2017; Khotimchenko, Kovalev,
Khozhaenko, & Khotimchenko, 2015; Wu, Zhao, Zhang, Wu, & Yang,
2010; Ye et al., 2009). Besides removal of cations, alginate-based nanomate-
rial composites were also studied for removal of some anions in water
(Pandi & Viswanathan, 2015; Qiusheng, Xiaoyan, Jin, Jing, & Xuegang,
2015; Siwek, Bartkowiak, Włodarczyk, & Sobecka, 2016; Sujana, Mishra, &
Acharya, 2013). Electrochemically modified biochar calcium-alginate beads
was also applied to remove phosphate under batch and continuous fixed-
bed column conditions (Jung, Jeong, Choi, Ahn, & Lee, 2017).
With continued research and development, alginate-based nanocomposites
will be increasingly applied to various fields of environmental remediation
in the future.

4. Conclusions and future perspectives

Alginate-based composites have been fabricated by encapsulating various
materials, such as AC, biochar, GO, CNT, magnetic and nanomaterials, as
well as microorganisms into alginate hydrogels/beads with demonstrated
utility as a biosorbent for environmental application. These composites
offer great potential for real world applications for the removal of dyes,
heavy metals, antibiotics, and other pollutants from water and wastewater.
While alginate-based composites typically exhibit enhanced physical/mech-
anical properties over pure alginate gels or beads, the biocompatibility of
alginate coupled with new properties of the encapsulated materials often
lend synergetic functionalities of the new derivatives. Among these are ease
of separation and regeneration of the biosorbent for wastewater treatment,
reduced environmental risk of the encapsulated materials such as nanoma-
terials, and optimized bioprocesses of microbial immobilization technology.
Future environmental applications of alginate-based composites, which

will likely evolve considerably, require further research on the mechanisms
involved in pollutant uptakes by various alginate-based composites should
be emphasized. Comparative studies among the composites under con-
trolled laboratory settings can be conducted. Another research need is to
optimize existing and engineer new alginate-based composites with distinct
properties and novel functionalities for targeted applications. While new
techniques, such as genetic engineering will likely advance the design and
creation of new composite, more effective combination of materials to
improve the adsorption capacity and mechanical, chemical and thermal sta-
bility when crosslinking with alginate beads can still be explored in a sys-
tematic fashion. Although not a focus in this paper, encapsulation
strategies can be directly relevant to the production of new alginate-based
composites to meet different applications. Parallel to this research need is
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the investigation into what chemically modifies alginate, which will benefit
alginate-based composites. Because alginate contains abundant free
hydroxyl and carboxyl groups distributed along the polymer chain back-
bone, chemical modifications of these two types of functional groups that
alter the characteristics of alginate can be a future research area to fabricate
new alginate-based composites for targeted environmental applications.
Most of the reported studies described in this review were conducted in

a laboratory setting. Scaling up for real world applications in an uncon-
trolled environment requires further testing as the characteristics and
mechanical/thermal stability of alginate-based composites may change. For
example, the dynamic swelling of alginate-based composites in soil would
be influenced by varying soil physical and chemical properties in the field.
Therefore, the performance of alginate-based composites under field condi-
tions can be explored further. Such work can also be realized in studies
involving multicomponent solutions and/or complex effluents under
dynamic conditions to mimic the field conditions. Potential risks associated
with nanomaterials or metals in encapsulated in alginate should also be
evaluated when considering applications in ambient soil and water
environments.
In attempts to test alginate-based composites in large-scale applications,

cost and effectiveness are the important factors to be evaluated. Because
microbial treatment is potentially less harmful to the environment and
more cost-effective than chemical treatment or physical removal of soil or
water to an off-site location, encapsulation of microorganisms in alginate
beads as a carrier will be cost effective. Investigating the further effective-
ness of immobilization technology, particularly in the areas of microbial
survival, binding, and transport, as well as in-situ bioremediation of conta-
minated soil or groundwater will evolve alginate based technology and
make it more competitive for use in remediation applications.
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Nanoscale zero-valent iron (NZVI) has been widely used for the degradation of trichloroethylene (TCE) in
contaminated water, however, it is suffering from being easy to aggregate and having low adsorption
capacity for TCE. In order to overcome the shortcomings of NZVI, modified NZVI particles with biochar
(NZVI/BC) were applied in this study for removal and degradation of TCE, given the high stability and
adsorption capacity of BC. The effects of pyrolysis temperature of BC, mass ratio of NZVI/BC and solution
pH on the removal and degradation efficiency of TCE were studied. The different pyrolysis temperatures
of BC resulted in the differences on the surface areas, aromaticity and noncarbonized fractions, which
determined the sorption capacity of TCE. Compared with pure NZVI, the NZVI/BC at different mass ratios
could increase the removal efficiency of TCE to 99%, which was attributed to the higher adsorption capac-
ity of BC for TCE. Besides, the yield of final products (ethane, ethylene and acetylene) differed at different
mass ratios of NZVI/BC. Generally, the main product was ethylene in all reactions and the yield of acet-
ylene and ethane were relatively low. Solution pH had little effect on the total removal of TCE but signif-
icantly influenced the yield of final products. The yield of ethylene decreased with the increasing pH. The
results indicate that solution pH could not affect the sorption of TCE but influenced the degradation rate
of TCE by NZVI/BC.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, increasing numbers of chlorinated hydrocar-
bons have been released into soil and groundwater, owing to their
common use in industrial production [1,2]. The chlorinated hydro-
carbons often have the following characters: non-aqueous phase
liquid, higher density than water, and low solubility in water [3],
thus they may serve as contamination sources of groundwater
and soil [4–6], and pose threats to the health and safety of the envi-
ronment [7].

Trichloroethylene (TCE), as a representative of chlorinated
hydrocarbons, has attracted wide attention since it was firstly
detected in the environment in late 1970s [8]. For the remediation
of contaminated soil or groundwater with TCE, biotic and abiotic
methods have been employed [1,9]. While biotic methods utilize
microorganisms to dechlorinate TCE completely or into less chlori-
nated by-products under aerobic or anaerobic conditions [10,11],
abiotic methods generally include physical adsorption [12] and
chemical oxidation [13] or reduction [14] of TCE. Among these
methods, nanoscale zero-valent iron (NZVI) has been widely used
in TCE dechlorination in groundwater because of its simplicity,
low cost and environmental friendliness [15–18]. However, there
are still many challenges regarding the removal of TCE with NZVI,
one of which is the agglomeration of NZVI particles [19–21]. Due to
the high surface energy and magnetic interaction, NZVI particles
can easily attach to each other and form large-sized aggregates,
resulting in declined reactivity [19–21]. In order to hinder the
aggregation of NZVI, researchers have employed different materi-
als as the support for NZVI to provide better distribution, which
include bentonite [22], mesoporous silica [23], activated carbon
[24] and biochar [25]. Among these materials, biochar has been
regarded as one of the best adsorbents because of its high adsorp-
tion capacity [26] and low cost [27]. Biochar has been used as an
adsorbent to remove organic pollutants such as TCE [28]. However,
biochar does not decompose TCE into other harmless products.
Therefore, modifying NZVI particles with biochar could compen-
sate the deficiencies of them in removing TCE.

In recent years, there are many studies about removing TCE by
biochars or NZVI, but far fewer about combining biochars and NZVI
[18,29]. Therefore, this study investigated the feasibility and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.seppur.2017.07.033&domain=pdf
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mechanisms of degradation of TCE by NZVI supported by biochar.
The specific objectives of this study were (1) to investigate the
effects of pyrolysis temperature, the ratio of NZVI to biochar and
the solution pH on the removal of TCE, (2) to examine the differ-
ences in quantity and species of reaction products under different
conditions, and (3) to probe into the reaction mechanisms of
removing TCE by the biochar supported NZVI (NZVI/BC).
2. Materials and methods

2.1. Reagents

The cornstalk was purchased from a local agricultural field at
Lianyungang City, Jiangsu Province, China. NaBH4 (98%), FeCl3�6H2-
O (Analytical Reagent) and methanol (Analytical Reagent) were
purchased from Sinopharm Chemical Reagent Co., Ltd. TCE (Analyt-
ical Reagent) was purchased from Huihong reagent co., Ltd, Hunan
province, China. Hexane (HPLC) was purchased from Tianjin chem-
ical reagent research institute co., LTD, China, and was used as
extractant for TCE detection. Gaseous alkene standards (3.11%
ethane, 12.3% ethylene and 8.1% acetylene) were obtained from
Huategas Co., Ltd, Guangdong province, China.

2.2. Preparation of biochar, NZVI, and biochar-modified NZVI

The cornstalk was used as raw feedstocks to produce biochar.
The feedstocks were dried in an air-forced oven at 60 �C for a day
and ground to less than 150 lm (100 mesh sieve). The grounded
feedstocks were placed in a quartz porcelain boat and pyrolyzed
in a tube furnace at 7 �C min�1 under a limited oxygen condition
(via purging nitrogen). The different peak temperatures, i.e. 500,
600 and 700 �C, were adapted to carbonize each feedstock, where
they were held for 2 h followed by being cooled to room tempera-
ture inside the furnace [30]. Then the biochar was washed with
1 M HCl (1/20, v/v) for demineralization of cations such as K+,
Na+, Ca2+ and Mg2+, and was purified by using ultrapure water until
the solution pH achieved stability before being dried at 60 �C in an
air-forced oven [30]. The developed biochars (BC) at different
pyrolysis temperatures (i.e., 500, 600 and 700 �C) were saved in
air-tight containers, and referred to as BC500, BC600 and BC700,
respectively.

NZVI particles were synthesized via the method as described in
previous studies [15,31]. In the synthesis of NZVI/BC composites
with different mass ratios of NZVI/BC at 1:1, 1:3 and 1:5 (referred
to as NZVI/BC(1:1), NZVI/BC(1:3), NZVI/BC(1:5), ferric chloride solution
(FeCl3�6H2O, 0.05 M) was mixed with BC of different amounts
(0.28 g, 0.84 g and 1.4 g, respectively) for one night. All solvents
were purged with N2 for more than 60 min prior to use and the
whole synthesis process was under N2 atmosphere. The FeCl3-BC
solution was added in a 3-mouth container with mechanical stir-
ring at least an hour. An equal volume of 0.2 M potassium borohy-
dride (KBH4) was dropwisely added into the 3-mouth container.
Another 30 min was needed for the generation of Fe0 and uni-
formly attached to the surface of the biochar. Afterwards, the com-
posite was separated with refrigerated centrifuge, and washed
with ethanol. The NZVI/BC slurry was finally dried in a vacuum
drying oven at 60 �C for 8 h. The synthesized NZVI/BC powders
were stored in vacuum bag and used in batch experiments within
2 days.

2.3. Characterizations

The surface morphologies of BC and NZVI/BC were examined by
using a field emission scanning electron microscope (FE-SEM)
(JSM-6700F, JEOL, Japan) equipped with an energy dispersive spec-
troscopy (Oxford Inca EDS). X-ray diffractometer (XRD, Philips
Electronic Instruments) was used to determine oxidation state of
Fe on the surface of BC. The specific surface areas of BC were ana-
lyzed by an ASAP 2020 N2-Brunauer-Emmett-Teller (BET) -surface
area analyzer (Micromeritics, USA). The spectral properties of BC
pyrolyzed at different temperatures were measured by Fourier
transform infrared spectroscopy (FTIR), and spectra was obtained
in a wavelength range of 450–4000cm�1.

2.4. Adsorption and dechlorination experiments

Batch experiment was conducted in 40-mL glass vials under
anoxic conditions. The ultra-pure water was purged with Helium
(He) for 30 min (dissolved oxygen <0.2 mg/L). 100 mg pure NZVI
or NZVI/BC were added into the vials, followed by adding 20 mL
anaerobic ultrapure water. Then 50 lL of 12 g/L TCE solution
(diluted from the analytical reagent TCE with acetone) was added,
which made the initial TCE concentration come to 30 mg/L. The
vials were capped and transferred to a horizontal shaker at
250 rpm at room temperature.

Liquid sample was taken from the glass vials, and extracted
through 0.45 lm needle filter to remove the solid impurities. Then,
the remaining TCE in the aqueous phase was extracted with
n-hexane. The mixture was analyzed by the means of common
GC method for TCE (Rtx-5MS chromatographic column
30 mm � 0.25 mm � 0.25 lm, MS detection). Gas sample was
taken from the headspace over the reaction solution and analyzed
using the samemethod as described above for the determination of
ethane, ethylene and acetylene.
3. Results and discussion

3.1. Characterization of biochar and NZVI/BC

3.1.1. SEM-EDS
The morphologies of NZVI and NZVI/BC were observed by using

FE-SEM as shown in Fig. 1. SEM images show that biochar had
abundant porous structure and NZVI particles were distributed
on the porous structure as well as the surface of biochar. To verify
the successful synthesis of NZVI/BC, the EDS mapping and XRD
spectrum of the synthesized composites were presented in Fig. 2.
The elemental mapping as illustrated in Fig. 2(B and C) showed
the uniform distribution of C and Fe. XRD analysis (Fig. 2D) further
demonstrated that the Fe existed in the form of Fe0. The results
reveal that NZVI particles were successfully synthesized and uni-
formly dispersed on the surface of biochar.

3.1.2. BET
The BET surface area, pore volume and pore size of the derived

biochars at 500 �C(BC500), 600 �C(BC600) and 700 �C(BC700) and
NZVI/BC were presented in Table 1. The BET surface area of biochar
increased with the increase of the pyrolysis temperatures. As
shown in Table 1, compared with BC500 and BC600 (28.5 m2 g�1

and 31.2 m2 g�1 for BC500 and BC600, respectively), BC700 had a
larger BET surface area (64.8 m2 g�1). The previous research has
shown that the pyrolysis temperature in the biochar production
process is closely related to the biochar structure [32]. During
the thermal decomposition of biomass, coal tar would be produced,
which forms pores on the surface of the biochar and increases the
related specific surface area. At a higher pyrolyzed temperature,
more pores are easily produced because of volatilization of the bio-
mass components [32]. Therefore, the pore volume of the biochar
is also closely related to the BET surface area [33]. As shown in
Table 1, the data of pore volume displayed an upward trend with
the increasing pyrolyzed temperature (0.023, 0.0241 and



Fig. 1. SEM images of biochar at different pyrolysis temperatures: (A) 500 �C; (B) 600 �C; (C) 700 �C and (D) the synthesized NZVI/BC (biochar pyrolyzed at 600 �C).

Fig. 2. (A) SEM image of NZVI/BC composite (biochar pyrolyzed at 600 �C). (B) and (C) Elemental spot mapping of C (B) and Fe (C) measured by SEM-EDS in the area shown in
(A). (D) XRD analysis of NZVI/BC.
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Table 1
BET surface area, pore volume and pore size of the derived biochars at 500 �C (BC500),
600 �C (BC600) and 700 �C (BC700) and NZVI/BC (biochar pyrolyzed at 600 �C and
mass ratio of NZVI and BC at 1:3).

BET surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Pore size
(nm)

BC500 28.5 0.0230 3.24
BC600 31.2 0.0241 3.08
BC700 64.8 0.185 11.4
NZVI/BC 7.95 0.0236 11.9
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0.185 cm3 g�1 for BC500, BC600 and BC700, respectively). The
average pore sizes of BC500, BC600 and BC700 were 3.24 nm,
3.08 nm and 11.4 nm, respectively. The results reveal that the sur-
face areas of biochars were all dominated by mesopores (the pore
sizes ranging from 2.0 to 50.0 nm were defined as mesopores) [34].
In order to reflect the differences between NZVI/BC and biochar
more explicitly, the BET surface area, pore volume and pore size
of NZVI/BC are also presented in Table 1. Compared with the pure
biochar, NZVI/BC had a much smaller BET surface area, which
might be ascribed to the blocking effect of the loaded NZVI on
the inner surface of the biochar.

3.1.3. FTIR analysis
FTIR spectra of biochars pyrolyzed at different temperatures are

presented in Fig. 3. Different spectra reflect the changes of the sur-
face functional groups of biochar produced at different tempera-
tures. The main adsorption bands in biochars at 3424, 2926,
1600, and 1105 cm�1 were assigned to AOH stretching, ACH2

stretching, aromatic C@O and C@C stretching, and CAO functional
groups, respectively. And the peaks at 871 and 770 cm�1 in biochar
were assigned to aromatic CAH, indicating the presence of adja-
cent aromatic hydrogen [12]. The subordinate band at 2348 cm�1

represented CO2 asymmetric stretching vibrations which might
be due to the fact that biochar absorbed CO2 in the air environment
during the FTIR analysis. The peak of AOH bond at 3424 cm�1 from
the intermolecular hydrogen bonding of alcohols and phenols
decreased slightly with the increase of the temperature. The peak
at 2926 cm�1, representing the presence of long linear aliphatic
Fig. 3. FTIR analysis of biochar pyrolyzed at different temperatures.
chain ACH2 groups, decreased with the increase of the tempera-
ture, and disappeared in BC700. Adsorption at 1105 cm�1 sug-
gested the presence of CAO function groups in biochar, which
declined with increasing temperatures. The peaks of the aromatic
C@O and C@C at 1600 cm�1 decreased significantly at 700 �C as
compared with 500 �C. These results indicate a decrease in the
polar functional groups with the increase of pyrolysis temperature
of biochar. The O and H functional groups decreased with increas-
ing the temperature, resulting in the drops in surface acidity and
polarity, but the increase in aromaticity of biochar.

Generally, the results of the FTIR analysis indicate that the
pyrolysis temperature considerably influenced the surface proper-
ties of biochar. The findings are in consistent with the studies of
Ahmad et al. [12] who reported the decrease in acidity and increase
in aromaticity in biochar developed from soybean stover at 300
and 700 �C. Therefore, it was speculated that the changing surface
properties of biochar derived from different pyrolysis tempera-
tures might affect the adsorption behavior of TCE, thus affecting
the TCE degradation by the NZVI/BC composites.

3.2. Removal of TCE

3.2.1. Effect of pyrolysis temperatures of BC on the removal of TCE by
NZVI/BC

The effect of different pyrolysis temperatures of biochar on the
removal of TCE by the NZVI/BC composites is illustrated in Fig. 4.
The removal efficiencies of 97.19%, 97.94% and 87.10% were
achieved by NZVI/BC500, NZVI/BC600 and NZVI/BC700, respec-
tively, within 4-h reaction time. All the three NZVI/BC composites
showed a better TCE removal than the pure NZVI (63.97%, within
4 h). On the one hand, the NZVI/BC composites could serve more
sorption sites than the pure NZVI for the uptake of TCE because
of the large specific surface area of biochar; on the other hand,
the NZVI particles, distributed on the surface or in the porous
structure of BC, could provide more active sites than the pure NZVI
for the reaction with TCE due to less potential of agglomeration for
NZVI once deposited onto BC [23–25]. In regard to the differences
among the three NZVI/BC composites, as demonstrated in Fig. 4A,
NZVI/BC600 displayed the best performance within 4 h, while all
the three types of NZVI/BC achieved a nearly complete TCE removal
when the reaction time was prolonged up to 60 h. As discussed in
the previous section, the different pyrolysis temperatures resulted
in the different specific surface areas and aromaticity of biochar
[12], which should contribute to the different TCE removal efficien-
cies of NZVI/BC. In order to explore the effect of biochar on the TCE
removal, the TCE removal by pure biochar generated at different
pyrolysis temperatures is also illustrated in Fig. 4B. The removal
efficiencies of TCE reached to 90.75%, 93.29% and 75.51% for
BC500, BC600 and BC700, respectively, within 4 h, which were only
slightly lower than that of the NZVI/BC composites but showed a
similar trend. This reveals that the biochar played a major role in
the removal of TCE. As demonstrated in the characterization of bio-
chars, BC700 had higher aromaticity, lower polarity and larger sur-
face area than BC500 and BC600, but it exhibited the slowest
removal of TCE. This is contrary to the findings of Ahmad et al.
[12], who reported that biochars produced from soybean stover
at higher temperature (700 �C) had a high adsorption capacity of
TCE due to their high aromaticity, low polarity and large surface
area. The differences might result from the use of different feed-
stocks (cornstalk was used in this study) for the production of bio-
chars, therefore, the results cannot be compared directly.
Moreover, it was presumed that the removal of TCE might not only
be associated with the above mentioned properties (i.e., aromatic-
ity, polarity and surface area) of biochars but also be affected by
the other factors. Chen et al. [35] reported that a lower pyrolysis
temperature would increase the hydrophobicity of biochar because



Fig. 4. Effect of pyrolysis temperature of biochar on the removal of TCE by (A) NZVI/BC and (B) BC. Inset figures show the removal of TCE in the first 4-h reaction. ‘Blank’ refers
to the sample with only TCE. (NZVI = NZVI/BC = BC = 5 g/L; TCE = 30 mg/L; pH = 6.25).
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of the biological organic residues from the biomass, which was
suitable for sorption of hydrophobic organic compounds. Sorption
mechanisms of biochars are partitioning-dominant at low pyroly-
tic temperatures, but are adsorption-dominant at higher pyrolytic
temperatures [35–37]. The contributions of adsorption and
partition are determined by the carbonized and noncarbonized
fractions, besides their surface and bulk properties. The carboniza-
tion fractions increased with the pyrolytic temperature. The non-
carbonized organic matter is expected to behave as partition
phase and the carbonized organic matter as an adsorbent; adsorp-
tion is typically nonlinear, whereas partition is essentially linear
[35]. As shown in Fig. 4B, generally, the sorption of TCE showed a
linear trend in the first few hours, and then a nonlinear trend with
prolonged reaction time. In this sense, it was presumed that the
sorption of TCE to biochars resulted from both partition with non-
carbonized fractions and adsorption with carbonized fractions.
Therefore, the best performance of BC600 should be ascribed to
the combined contributions of noncarbonized fractions (for parti-
tion) and their surface and bulk properties (for adsorption). The
BC600 was thus employed as supporting material for NZVI in the
following experiments.

3.2.2. Effect of mass ratio of NZVI/BC on the removal of TCE
The effects of mass ratios of NZVI/BC (1:1, 1:3, 1:5) on the

removal of TCE are illustrated in Fig. 5A. The removal efficiency
of 63.97% was achieved by NZVI alone within 4-h reaction time,



Fig. 5. Effect of mass ratio of NZVI/BC on the removal of TCE (A) and the main reaction products: (B) C2H2, (C) C2H4 and (D) C2H6. Inset figure shows the removal of TCE in the
first 4-h reaction. ‘Blank’ refers to the sample with only TCE. (NZVI = NZVI/BC = BC = 5 g/L; TCE = 30 mg/L; pH = 6.25).
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while it was able to reach 83.78% for biochar alone. The removal
efficiency of TCE were 67.22%, 93.29% and 87.11% for NZVI/
BC(1:1), NZVI/BC(1:3) and NZVI/BC(1:5), respectively, within 4-h reac-
tion time. However, with prolonged reaction time, the final
removal efficiency of TCE for the different NZVI/BC materials could
reach more than 96%, while the pure NZVI could only reach 82%.
The NZVI/BC(1:1) showed a slower TCE removal than that of NZVI/
BC(1:3) and NZVI/BC(1:5), which might be ascribed to the larger
amount of NZVI distributed on the surface of biochar occupied
the sorption sites for TCE. However, the removal efficiency of TCE
by NZVI/BC(1:5) (87.11%) was slightly lower than that of NZVI/
BC(1:3) (93.28%) within 4-h reaction time. It was deduced that the
excessive biochar might block the active sites on the NZVI surfaces,
inhibiting the redox reaction of TCE with NZVI. Besides, the larger
biochar loading provided more pore structures, which might result
in the distribution of more NZVI particles onto the inner surfaces of
pore structures of biochar (as displayed in Fig. 1D), having a lower
probability to react with the TCE in the bulk solution [24]. As a
result, the mass ratio of NZVI/BC at 1:3 achieved the best removal
efficiency of TCE in this experiment.

3.2.3. Analysis of final products of TCE degradation at different mass
ratios of NZVI/BC

At different mass ratios of NZVI and BC, the concentrations of
the main final products of TCE degradation (i.e., ethane, ethylene
and acetylene) were detected and shown in Fig. 5B–D. It was found
that the concentrations of the gas products were trivial within
hours of reaction, although TCE was rapidly removed by NZVI
and NZVI/BC within hours (Fig. 5A). This indicates that the rapid
TCE removal in the first few hours was due to the adsorption rather
than degradation. To probe the kinetics of TCE degradation, the
reactions were prolonged to 13 days (Fig. 5B–D). The results
showed that the NZVI/BC could instantaneously sorb >90% of TCE
from aqueous solutions and then decomposed TCE into non-
chlorinated products gradually. Based on the proposed dechlorina-
tion mechanisms of TCE by NZVI in previous studies [18,38,39], the
decholorination process of TCE by NZVI/BC may react as follows:①
adsorption of TCE on biochar, ② b-elimination for TCE, ③
hydrogenolysis reaction for chloroacetylene, ④ hydrogenation
reaction for acetylene, and ⑤ hydrogenation reaction for ethylene.
Although the dechlorination reactions certainly involve some other
intermediate steps, only the dominated dechlorination processes
of TCE were discussed in this paper. In addition, compared with
the study by Gao et al. [18] who found the degradation products
of TCE are mainly C3-C6 compounds, the primary products in this
research are ethylene, ethane and acetylene which are all C2 com-
pounds. As illustrated in Fig. 5, the concentrations of final products
(ethane, ethylene and acetylene) were detected quantitatively. Due
to the high reactivity of chloroacetylene and other intermediates,
they could only be detected qualitatively. As demonstrated in
Fig. 5B–D, the main reaction product was ethylene for all reactions.
The concentrations of acetylene and ethane were relatively low,
which might result from the incompleteness of the hydrogenation
reaction and the relative stable chemical properties of ethylene.



Fig. 6. Effect of pH on the removal of TCE by NZVI/BC (A); and themain reaction products at different pH: (B) pH = 6.25, (C) pH = 7, (D) pH = 8.8 (NZVI/BC = 5 g/L; TCE = 30 mg/L).

194 H. Dong et al. / Separation and Purification Technology 188 (2017) 188–196
Thus, the higher concentration of ethane observed in the reaction
between TCE and NZVI/BC(1:3) reveals a more complete degrada-
tion of TCE. In Fig. 5A, it can be noticed that bare BC and NZVI/
BC had a better removal efficiency of TCE than bare NZVI. More-
over, although the mass of the NZVI in the NZVI/BC system is
decreasing with decreasing mass ratio of NZVI/BC, the degree of
TCE degradation presents a positive relationship with the mass of
biochar, of which total concentrations of final products were 89,
62, 60 lg/L with NZVI/BC(1:5), NZVI/BC(1:3), NZVI/BC(1:1), respec-
tively according to Fig. 5(B,C,D). The results indicate that the bio-
char can not only facilitate the adsorption of TCE, but also
promote the degradation of TCE. Nevertheless, the degradation
results by NZVI/BC were all much lower than bare NZVI which
was 141 lg/L. On the basis of previous research [18,38,39], the
above results might be due to three reasons: (i) NZVI played a
dominant role in the degradation of TCE, which is the reason
why the bare NZVI showed the best degradation efficiency of
TCE; (ii) biochar might also play an important role (e.g., as adsor-
bent and electron shuttle [29]) in NZVI/BC system, which is the
reason why the degradation efficiency of NZVI/BC(1:5), NZVI/
BC(1:3), and NZVI/BC(1:1) gradually decreased (i.e., with the decrease
of biochar mass); (iii) in NZVI/BC system, a certain proportion of
biochar could also hinder the contact of NZVI with TCE which
was adsorbed by biochar and the decrease of the mass of NZVI in
NZVI/BC system led to a decrease of TCE degradation compared
with bare NZVI.

In addition, it should be noted that although the generation of
intermediates were not qualified, they were detected from all the
reactions between TCE and NZVI/BC. A high level of intermediate
products were detected in the first day for all the materials includ-
ing NZVI/BC(1:5), NZVI/BC(1:3), NZVI/BC(1:1) and bare NZVI, however,
the amount of intermediate products generated by NZVI/BC(1:5)

and NZVI/BC(1:3) began to decrease respectively from the second
and the fourth day, while it still maintained a high level through-
out the experiment with pure NZVI and NZVI/BC(1:1). The results
also explained why the final degradation products of NZVI/BC(1:1)

were less than NZVI/BC(1:3) and NZVI/BC(1:5), although it contained
more NZVI. In the case of NZVI/BC(1:1), it was presumed that a pro-
portion of TCE was only partially degraded to intermediate prod-
ucts, which could not be further degraded.

3.2.4. Effect of pH on the removal of TCE by NZVI/BC
As illustrated in Fig. 6(A), TCE removal by NZVI/BC(1:3) was stud-

ied at different pH values (6.25, 7 and 8.8). It was found that the
removal efficiencies of TCE by NZVI/BC(1:3) were 93.28%, 91.33%
and 91.74% at pH 6.25, 7 and 8.8, respectively, within 4 h, which
did not have a big difference. Nevertheless, the analysis of final
products in Fig. 6(B–D) proved that the degradation efficiency of
TCE decreased with the increasing pH values. In addition, the con-
centrations of main final products (acetylene, ethylene and ethane)
had a diverse tendency at different pH values. According to Fig. 6, it
is obvious the yield of ethylene was disparate at different pH val-
ues, whereas the yields of acetylene and ethane were similar.
The concentration of ethylene could be achieved to 56 lg/L at pH
6.25, which were only 31.9 lg/L and 12.8 lg/L at pH 7 and 8.8,
respectively, what is to say, the production of ethylene appeared
a negative relationship with pH. Those phenomena might be
accounted for (i) the sorption of TCE on biochar played a primary
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role in the removal of TCE, and was less dependent on pH; (ii) the
degradation of TCE was determined by NZVI, and was dependent
on pH. Obviously, H+ can promote the corrosion of iron oxide on
the surface of NZVI and inhibit the passivation of NZVI [40,41],
which would facilitate the reductive b-elimination and hydrogena-
tion reaction for TCE [18,38,39,42].

4. Conclusion

Herein, we discussed the effects of the pyrolysis temperature of
biochar (BC), the mass ratios of NZVI to BC and the solution pH on
the removal of TCE by NZVI/BC. It was found that the pyrolysis
temperature (500, 600 and 700 �C) of BC had an influence on the
removal of TCE due to the fact that the physicochemical properties
of BC varied at different pyrolysis temperatures, which can impact
the sorption of TCE on BC. And the TCE removal efficiency reached
a maximum with biochar pyrolysed at 600 �C. Besides, the mass
ratio of NZVI to BC (1:5, 1:3 and 1:1) greatly influenced the
removal of TCE and the generation of final products. A synergistic
effect was found in NZVI/BC system, in which BC contributed to
the sorption of TCE and NZVI contributed to the degradation of
TCE. The results showed that TCE achieved a maximum value in
degradation as well gained a high removal efficiency when the
mass ratio of NZVI/BC was 1:5. However, A more thorough degra-
dation was noticed when the mass ratio of NZVI to BC was 1:3. The
solution pH has little influence on the removal efficiency of TCE but
significantly influenced the yield of final products generated from
TCE degradation. The results showed that the production of ethy-
lene decreased with the increasing of pH, while ethane and acety-
lene were kept at relatively low concentrations.
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" Pyrolysis temperature influenced crop residue-derived biochar (BC) properties.
" High pyrolysis temperature led to increased surface area and aromaticity of BC.
" TCE adsorption capacity was related to aromaticity and polarity of BC.
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a b s t r a c t

Conversion of crop residues into biochars (BCs) via pyrolysis is beneficial to environment compared to
their direct combustion in agricultural field. Biochars developed from soybean stover at 300 and
700 �C (S-BC300 and S-BC700, respectively) and peanut shells at 300 and 700 �C (P-BC300 and P-
BC700, respectively) were used for the removal of trichloroethylene (TCE) from water. Batch adsorption
experiments showed that the TCE adsorption was strongly dependent on the BCs properties. Linear rela-
tionships were obtained between sorption parameters (KM and SM) and molar elemental ratios as well as
surface area of the BCs. The high adsorption capacity of BCs produced at 700 �C was attributed to their
high aromaticity and low polarity. The efficacy of S-BC700 and P-BC700 for removing TCE from water
was comparable to that of activated carbon (AC). Pyrolysis temperature influencing the BC properties
was a critical factor to assess the removal efficiency of TCE from water.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Biochar (BC) is biomass-derived black C that has been recently
recognized as a multifunctional material related to C sequestration,
metal immobilization, and fertilization in soils (Awad et al., 2012;
Chen et al., 2011; Uchimiya et al., 2010). Biochar is produced by
thermal decomposition of biomass under a negligible or limited
supply of oxygen (Novak et al., 2009). Various types of biomass
including poultry litter, dairy manure, sewage sludge, and paper
sludge have been used to produce BCs. The diverse natured BCs
are being commonly applied to soils as conditioners; however,
their use in soil and groundwater remediation is very scarce.
ll rights reserved.
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The proper strategies of BCs applications are needed because of
the variation in BCs’ characteristics. For example, the crop residues
originated from agricultural byproducts are essential sources to
maintain the plant nutrition cycle in soils and to sustain soil qual-
ity or crop yield (Ok et al., 2011). However, an excessive supply of
crop residue also causes environmental pollution when burned di-
rectly in the field, dumped into the ocean or fertile land (Karlen
et al., 2009). As a possible solution, the excessive crop residues
may be transformed efficiently to bioenergy via pyrolysis. An esti-
mated 5.7 � 105 tons of crop residue was used for biofuel produc-
tion in Korea in 2009 (Kim et al., 2010). The BC being generated as a
by-product during bio-oil production would offset the associated
environmental problems and contribute to mitigate climate
change with lower CO2 emission (Boateng et al., 2010).

Application of BC immobilizes heavy metals and herbicides in
soils (Ahmad et al., 2012a; Cao and Harris, 2010). One of the most
important functions of BCs is their capability to adsorb organic pol-
lutants from the surrounding environment (Chen et al., 2011). The
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structured C matrix with medium-to-high surface area evokes the
BC to act as an adsorbent similar to activated carbon (AC) (Cao and
Harris, 2010). The use of BC as an adsorbent for organic contami-
nants is not only economical but also readily accessible due to
the wide availability of feedstock and absence of activation pro-
cesses versus AC (Qiu et al., 2009). The development of porosity
during carbonization may also influence the specific surface area
of BC (Novak et al., 2009). However, the attempt to clarify the
changes in chemical properties of BC by the preparation condi-
tions/performance is still lacking.

Release of chlorinated hydrocarbons is a continual threat to
groundwater (Yang et al., 2011). Trichloroethylene (TCE), a chlori-
nated hydrocarbon exists as a dense non-aqueous phase liquid. TCE
is water soluble having 1.1 kg m�3 solubility at 25 �C and is com-
monly used as an industrial solvent (Wei and Seo, 2010). TCE spills
or improper release is not rapidly washable due to its high relative
density (1460 kg m�3), thereby inducing severe contamination of
soil and groundwater (Jo et al., 2010). Moreover, the high resis-
tance of TCE to biological degradation may aggravate environmen-
tal contamination (Klasson et al., 2009).

The high levels of TCE residues are frequently detected and re-
ported in groundwater near industrial or urban areas in Korea (Lee
and Lee, 2004). Baek and Lee (2010) reported that the groundwater
in the industrial complex in Wonju city has been contaminated by
TCE. Yu et al. (2006) indicated that the industrial complex of
300,000 m2 located in Wonju city, Korea is suffering TCE contami-
nation, indicating P1.52 mg L�1 TCE concentration in the ground-
water (vs. Korean regulation level of 60.03 mg L�1 for residence
and 6 0.06 mg L�1 for industrial area). The authors revealed that
a TCE plume was formed at the groundwater zone near the inves-
tigated industrial area, which reached to the bedrock aquifer. Jo
et al. (2010) supported their studies and examined TCE contamina-
tion levels in soil and groundwater. They reported a maximum TCE
level of 14703 mg kg�1 in soil and an equilibrium concentration of
19.36 mg L�1 in groundwater based on the distribution coefficient,
which is 645 times higher than the Korean regulation level for res-
idence. Consequently, the Korean Ministry of Environment has fo-
cused on the technology development for TCE removal in
groundwater.

Various adsorbents to remediate TCE from groundwater have
been reported (Erto et al., 2010; Karanfil and Dastgheib, 2004;
Wei and Seo, 2010). Among them, thermally modified biomass or
wood materials, namely BCs, is receiving much attention. The
BCs have been considered as natural adsorbents originated from
bio-source waste or residuals to remove organic contaminants
from water. However, the detailed investigations are lacked to
understand the mechanism or effectiveness of BCs for TCE removal.
This is the first in a series of studies investigating the feasibility of
BCs and factors affecting the removal of TCE from contaminated
groundwater. In this study, the value-added BCs derived from soy-
bean stover and peanut shells were tested to remediate TCE from
contaminated water and were compared with commercially avail-
able AC.
2. Methods

2.1. Biomass pyrolysis for biochar production

Soybean stover and peanut shells collected from a local agricul-
tural field in Chungju-city, Korea and household wastes, respec-
tively, were used as raw feedstocks to produce BCs. The raw
feedstocks were dried in an air-forced oven at 60 �C for 3 days
and ground to <1 mm. The ground feedstock was placed in ceramic
crucible with a lid and pyrolyzed in a muffle furnace (MF 21GS, Jeio
Tech, Seoul, Korea) at 7 �C min�1 under a limited oxygen condition.
Two different peak temperatures, i.e. 300 and 700 �C, were adapted
to carbonize each feedstock, where they were held for 3 h followed
by cooling to room temperature inside the furnace. These sub-
jected temperatures were selected based on the results of earlier
reports (Chen et al., 2008; Chun et al., 2004). The developed BCs
were stored in air-tight containers, and hereafter referred to as S-
BC300, P-BC300, S-BC700, and P-BC700, where the prefix letters
S and P represent soybean stover and peanut shells, respectively,
and suffix numbers represent the pyrolysis temperatures.

2.2. Characterization of biochar

2.2.1. Proximate analysis
The modified thermal analysis methods by McLaughlin et al.

(2009) were employed to characterize the BCs. Moisture was
determined by calculating the weight loss after heating the BCs
at 105 �C for 24 h to a constant weight. Mobile matter (analogous
to volatile matter), reflecting the non-carbonized portion in BC,
was determined as the weight loss after heating in a covered cru-
cible at 450 �C for 30 min. Ash content was also measured as the
residue remained after heating at 700 �C in an open-top crucible.
The portion of the BC that is not ash is called resident matter (anal-
ogous to fixed matter) and was calculated by the difference in
moisture, ash, and mobile matter. Each sample was analyzed in
duplicate.

2.2.2. Surface area and morphological analyses
Surface areas of BCs were measured from N2 isotherms at 77 K

using a gas sorption analyzer (NOVA-1200; Quantachrome Corp.,
Boynton Beach, FL, USA). The samples were degassed for 6 h under
vacuum at 473 K prior to conducting adsorption measurements.
The N2 adsorbed per g of BC was plotted versus the relative vapor
pressure (P/Po) of N2 ranging from 0.02 to 0.2, and the data were
fitted to the Brunauer–Emmett–Teller equation (BET) to calculate
surface area. Total pore volume was estimated from N2 adsorption
at P/Po � 0.5. The Barret–Joyner–Halender method was used to
determine the pore size distribution from the N2 desorption iso-
therms (Park and Komarneni, 1998).

The surface physical morphology was examined using a field
emission scanning electron microscope (FE-SEM) equipped with
an energy dispersive spectroscopy (SU8000, Hitachi, Tokyo, Japan).
Feedstocks and BCs were placed on double-sided platinum coated
tape, and images were recorded from a 50-lm area in scanning
mode.

2.2.3. Spectral and elemental analyses
The spectral properties of raw feedstocks and BCs were exam-

ined by Fourier transform infrared spectroscopy (FTIR) (Bio-Rad
Excalibur 3000MX spectrophotometer, Hercules, CA, USA). Spectra
were obtained in a wavelength range of 600–4000 cm�1 with 32
successive scans at a resolution of 4 cm�1. The elemental composi-
tion of BCs including C, H, N, S, and O was determined by dry com-
bustion using an elemental analyzer (EA1110, CE Instruments,
Milan, Italy). These data were used to calculate molar ratios of H/
C, O/C, (O + N)/C, and (O + N + S)/C.

The pH of developed BCs was estimated in a suspension of 1:5
BC/de-ionized water using a digital pH meter (Orion, Thermo Elec-
tron Corp., Waltham, MA, USA). The suspension was shaken for 1 h
before measurement.

2.3. Sorption experiments

Reagent grade TCE (99% purity; Wako Pure Chemical Industries,
Osaka, Japan) and hexane (95% purity; J.T. Baker Chemical Co.,
Phillipsburg, NJ, USA) were used. Ultra-pure water was prepared
using a water purification system (Arium Pro UV/DI Water
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Purification System, Sartorius Stedium Biotech, Goettingen, Ger-
many). The TCE stock solution (100 mg L�1) was prepared in ultra-
pure water by mixing 24 h to ensure complete dissolution. Five
different adsorbents including four lab-produced BCs and an AC
(Sigma–Aldrich, St. Louis, MO, USA) were used for single-solute-
adsorption experiments. Adsorption isotherms were achieved at
the concentration range of 2–20 mg L�1 TCE buffered at pH 7 with
1-mM phosphate buffer (0.5-mM Na2HPO4.H2O and 0.5-mM NaH2-

PO4). An adsorbent dose of 0.3 g L�1 was used. The adsorbent was
equilibrated with TCE aqueous solutions in Teflon-lined screw
caped glass vials on a horizontal shaker at 50 rpm for 48 h. All
experiments were conducted at 25 �C. The vials were filled to re-
move headspace and to minimize volatilization loss of TCE. Three
replicates of each sample and blank (without sorbent) were per-
formed (Wei and Seo, 2010).

2.4. Analytical methods

After the adsorption equilibrium time, a 5 mL aliquot from each
vial was filtered through a 0.45-lm pore size syringe filter and ex-
tracted with hexane for gas chromatography (GC) analysis (HP
6890, Dallas, TX, USA). A DB-624 column (Agilent Technologies,
Santa Clara, CA, USA) having a length of 30 m, an inside diameter
of 0.53 mm, and a thickness of 3.0 lm was used for volatile organic
compounds. The carrier gas was N2 and the column flow rate was
3.0 mL min�1. The inlet was set to splitless mode at 250 �C, and the
injection volume was 3.0 lL. A flame ionization detector was used
at 250 �C. The initial oven temperature was 50 �C, ramped to
10 �C min�1, and held at a 210 �C final temperature for 4 min.

2.5. Adsorption models

The TCE concentration adsorbed on BCs or AC was calculated as
a function of TCE concentration that remained in solution at equi-
librium using the Eq. [1] (Ok et al., 2007; Wei and Seo, 2010):

Q e ¼ V=M � ½ðCo � CeÞ� ð1Þ

where Qe is the equilibrium TCE concentration in mg g�1; V is
the volume of TCE aqueous solution in L; M is the adsorbent mass
in g; Co is the initial TCE concentration in mg L�1; and Ce is the
aqueous TCE concentration at equilibrium in mg L�1.

Sorption isotherms were fitted to the Freundlich (Eq. [2]) and
Langmuir (Eq. [3]) equations to quantify the adsorption capacity
of different BCs and AC (Jung et al., 2011).

logðQeÞ ¼ logðKFÞ þ 1=nF logðCeÞ ð2Þ

Ce=Q e ¼ 1=KLSM þ Ce=SM ð3Þ

where KF is the Freundlich constant representing adsorptive
capacity in ½mg g�1�=½mg L�1��1=nF ; nF is the constant related to
adsorption intensity; KL is the Langmuir constant indicating bind-
ing energy in mg�1; and SM is the maximum amount of sorption
corresponding to complete surface coverage in mg g�1 (Wei and
Seo, 2010).

The percentage TCE removed from aqueous solution by the dif-
ferent BCs and AC was also calculated using Eq. [4] (Ahmad et al.,
2012b):

%TCE removed ¼ ½ðCo � CeÞ=Co� � 100 ð4Þ
2.6. Statistics

Mean values of three replicates were used to draw the
isotherms and to calculate the adsorption isotherm constants.
Isotherm regression curves were plotted using the linear
regression. Pearson’s correlation coefficient (r) and probability (P)
values were determined using the SAS ver. 9.1, (SAS Institute, Cary,
NC, USA).
3. Results and discussion

3.1. Characterization of biochars

3.1.1. Proximate analysis
Moisture content, yield, ash, mobile matter, and resident matter

contents of BCs derived from soybean stover and peanut shells at
two different carbonization temperatures of 300 and 700 �C are gi-
ven in Table 1. The BC yield was reduced from 37% to 22% with in-
crease in temperature from 300 to 700 �C. This may be due to
lignin and cellulose decomposition in the feedstock (Novak et al.,
2009). Removing H2O, CO2, CO, CH4, and H2 from feedstock at
>600 �C have been known to contribute to a reduction of BC weight
loss (Varhegyi et al., 1998). Resident or fixed matter in the BC is the
portion corresponding to its stability in the soil, considering BC as
an important source of C sequestration in soil. Resident matter is
also indicative of fully carbonized organic matter (OM) in BC (Chen
et al., 2008). The increase in resident matter in the BCs was 29% for
soybean stover and 21% for peanut shell as temperature increases
from 300 to 700 �C. On the other hand, mobile matter decreases by
32% for soybean stover and 28% for peanut shell with rise in tem-
perature from 300 to 700 �C. It was mainly due to the loss of OM at
high temperature. The considerable amount of resident matter in
BCs reflects their ability to act as a C sink in the soil because of their
slow chemical transformation and microbial decomposition,
whereas the presence of mobile matter in BCs supplies organic
material to soil microorganisms and improves soil quality (Leh-
mann et al., 2011). Ash content ranged from 1.24–17.18% in differ-
ent BCs depending on feedstock types. Higher ash content of 10%
and 17% in S-BC300 and S-BC700, respectively, was due to the
mixed stems and blades of the soybean stover versus 1% and 10%
in P-BC300 and P-BC700, respectively. Ash content increases with
rise in temperature due to the concentrations of minerals and
OM combustion residues (Cao and Harris, 2010).
3.1.2. Surface area and morphology
The surface area of S-BC700 (420 m2 g�1) and P-BC700

(448 m2 g�1) was extremely high compared to that of S-BC300
(6 m2 g�1) and P-BC300 (3 m2 g�1), indicating the temperatures ef-
fects on carbonization (Table 2). Spectral analyses are presented in
Fig. S1 under Supplementary Data. The removal of H and O carrying
functional groups of main aliphatic alkyl–CH2, ester C=O, aromatic
–CO, and phenolic –OH groups in BCs produced at 700 �C greatly
enlarges their surface areas (Chen et al., 2008). Generally, the in-
crease in surface area at high carbonization temperature is due
to the removal of volatile material resulting in increased micropore
volume (Lee et al., 2010). The present findings are in agreement
with this notion as shown by the pore volumes of 0.19 and
0.20 cm3 g�1 for S-BC700 and P-BC700, respectively.

Solid particle morphology can be described by SEM, providing
information about the structural variations in BC particles after
thermal treatment. SEM images of feedstocks and BCs are shown
in Fig. S2 (provided under Supplementary Data). These images
were taken to compare the morphological changes in the pore
structure of raw feedstocks and BCs during carbonization. The ori-
ginal plant cell structure was observed in the feedstocks and then
reduced after carbonizing into the BCs at 700 �C. A reduction in
pore size, appearance of internal pores, and an increase in porosity
due to the escape of volatiles during carbonization can also be ob-
served in BCs. Additionally, the formation of channel structures in
BCs may also lead to specialized pore structures.



Table 1
Percentage yield, moisture, mobile matter, resident matter, and ash contents of the biochars (BCs)a.

Sample Yield Moisture Mobile matter Resident matter Ash

wt.%

S-BC300 37.03 ± 0.48 4.50 ± 0.36 46.34 ± 2.99 38.75 ± 3.15 10.41 ± 0.52
P-BC300 36.91 ± 1.68 1.29 ± 0.12 60.47 ± 5.43 37.00 ± 5.39 1.24 ± 0.08
S-BC700 21.59 ± 0.83 0.42 ± 0.01 14.66 ± 1.68 67.74 ± 1.92 17.18 ± 0.25
P-BC700 21.89 ± 2.47 0.35 ± 0.07 32.65 ± 0.74 58.09 ± 0.59 8.91 ± 0.08

a mean ± standard deviation in duplicate.

Table 2
pH value (1:5 biochar/water suspension), elemental composition (moisture- and ash-free basis), molar ratio, BET surface area, and pore volume of biochars (BCs) and activated
carbon (AC).

Sample pHa C H N S O H/C O/C (O + N)/C (O + N + S)/C Surface area Pore volume

wt (%) m2 g�1 cm3 g�1

S-BC300 7.27 ± 0.03 68.81 4.29 1.88 0.04 24.99 0.74 0.27 0.30 0.30 5.61
P-BC300 7.76 ± 0.06 68.27 3.85 1.91 0.09 25.89 0.67 0.29 0.31 0.31 3.14
S-BC700 11.32 ± 0.02 81.98 1.27 1.30 0.00 15.45 0.19 0.14 0.16 0.16 420.3 0.19
P-BC700 10.57 ± 0.05 83.76 1.75 1.14 0.00 13.34 0.25 0.12 0.13 0.13 448.2 0.20
AC 9.54 ± 0.06 90.85b 0.90b 0.00 0.00 8.24b 0.12 0.07 0.07 0.07 1110 0.64

a mean ± standard deviation in duplicate.
b values obtained from Qiu et al., 2008.
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3.1.3. pH and elemental composition
The pH values and the elemental compositions of the BCs are gi-

ven in Table 2. Elemental compositions were converted to mois-
ture- and ash-free values. BCs produced at 700 �C exhibited a pH
>10, which may be attributed to separation of alkali salts from
the organic matrix in the feedstock (Shinogi and Kanri, 2003).
The C contents of 69% and 68% in S-BC300 and P-BC300, respec-
tively, were increased to 82% and 84% in S-BC700 and P-BC700,
respectively, indicating high carbonization at high temperature.
In contrast, the H, N, and O contents decreased in BCs produced
at 700 �C than those produced at 300 �C. The S contents in all types
of BCs were negligibly low (<0.1%). Molar ratios of elements were
calculated to estimate the aromaticity (H/C) and polarity (O/C,
(O + N)/C, and (O + N + S)/C) of the BCs (Uchimiya et al., 2010).
Lower molar ratios were obtained in BCs produced at 700 �C. The
molar H/C ratios of S-BC700 and P-BC700 were 0.19 and 0.25,
respectively, showing that the BC is highly carbonized and exhibits
higher aromaticity at 700 �C compared to 300 �C (Chun et al.,
2004). Conversely, the relatively higher H/C ratios of S-BC300
and P-BC300 than S-BC700 and P-BC700 suggested the presence
of original organic residues (Chen et al., 2008). The molar O/C ratio
was also lower in S-BC700 (0.14) and P-BC700 (0.12), indicating
that the surface of BCs becomes less hydrophilic at high tempera-
ture (Chun et al., 2004). In other words, the hydrophobicity of the
BCs increased due to considerable removal of O content from 25%
in S-BC300 to 15% in S-BC700 and from 26% in P-BC300 to 13% in P-
BC700. Similar study was reported by Li et al. (2002) showing that
the reduction of O at high temperature resulted in the removal of
various acidic functional groups, causing the surfaces of the BCs
to become more basic. The higher pH values of S-BC700 and P-
BC700 compared to S-BC300 and P-BC300 also supported this find-
ing. The ratios of (O + N)/C, as a polarity index indicator, decreased
in the BCs produced at 700 �C than those produced at 300 �C. These
results indicate an increased aromaticity and decreased polarity of
BCs produced at 700 �C. This may be due to the formation of aro-
matic structures by a higher degree of carbonization of the OM
and the removal of polar surface functional groups, similar to stud-
ies of Chen et al. (2008) and Uchimiya et al. (2010).

3.1.4. Spectral characteristics
FTIR spectra of BCs and their respective feedstocks are pre-

sented in Fig. S1 (Supplementary Data). Different spectra reflected
changes in the surface functional groups of BCs produced at differ-
ent temperatures. Spectroscopic assignments based on Coates
(2000) spectral interpretations, indicated that the band at
3337 cm�1 corresponds to the stretching vibration of the –OH
group of bonded water. The bands at 2922, 2854, and 1375 cm�1

were assigned to –CH2 stretching vibrations, whereas the peaks
at 1734, 1616, and 1506 cm�1 represented C=O stretching of the
ester bond, C=C and C=O stretching in the aromatic ring, and
C=C–C stretching in the aromatic ring, respectively. Aromatic C–
H and C–N stretching vibrations were observed at 1242 and
1024 cm�1. The peak at 871 cm�1 in S-BC700 and P-BC700 was as-
signed to the aromatic C–H out of the plane bend, indicating the
presence of adjacent aromatic hydrogen. The absorption band at
1420 cm�1 in S-BC700 and P-BC700 represented the inorganic
CO3

2�.
Specific lignin peaks at 1504–1630 cm�1 decrease significantly

in BCs produced at 700 �C. The broad band at 3337 cm�1 indicated
the strong hydrogen bonding in the feedstocks. However, the
hydrogen bondings from S-BC300 and P-BC300 became weaker
and it ultimately diminished in S-BC700 and P-BC700. Absorption
at 2922 and 2854 cm�1 suggested the presence of long linear ali-
phatic chain –CH2 groups in the feedstocks, which were reduced
in the S-BC300 and P-BC300, and disappeared in S-BC700 and P-
BC700. These results suggested a decrease in the polar functional
groups with an increase in carbonization temperature (Chen
et al., 2008). The peak of the ester C=O bond at 1734 cm�1 in the
feedstocks disappeared in BCs, whereas the band at 1616 cm�1

(aromatic C=O and C=C) remained in S-BC300 and P-BC300, and
was ultimately diminished in S-BC700 and P-BC700. The maximum
loss was obtained in –OH, –CH2, and C–O functional groups in BCs
produced at 700 �C, which was also apparent from their elemental
composition (Table 1). Relatively low values of O, H, and H/C in S-
BC700 and P-BC700 than those in S-BC300 and P-BC300 revealed
the significant elimination of polar functional groups (–OH and
C–O). Thermal destruction of cellulose and lignin in the feedstocks
may result in the exposure of aliphatic alkyl –CH2, hydroxyl –OH,
ester C=O, and aromatic C=O functional groups in BCs (Chen
et al., 2008).

Generally, the results of the BC characterization indicated that
feedstocks carbonization temperature greatly influenced the BC
properties. The yield, moisture, mobile matter, H, N, and O contents
of BCs decreased, whereas resident matter, ash, pH, and C contents



Table 3
Freundlich and Langmuir isotherm constants for trichloroethylene (TCE) adsorption
onto different biochars (BCs) and activated carbon (AC).

Adsorbent Freundlich Langmuir
KF (mg g�1) 1/nF R2 KL (mg�1) SM (mg g�1) R2

S-BC300 3.39 0.40 0.68 0.22 12.48 0.82
P-BC300 2.35 0.46 0.66 0.13 12.12 0.51
S-BC700 12.16 0.46 0.89 0.78 31.74 0.97
P-BC700 13.65 0.36 0.77 1.23 32.02 0.98
AC 12.26 0.61 0.95 0.36 50.01 0.99
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increased with a rise in carbonization temperature from 300 to
700 �C. The O and H functional groups from the surfaces of BCs pro-
duced at 700 �C were removed, resulting in the decreases in surface
acidity and polarity, and the increase in aromaticity. These findings
agree with the study of Chun et al. (2004) who reported the de-
crease in acidity and increase in aromaticity in BC produced from
wheat residue pyrolyzed at 300–700 �C. Thus, it may be speculated
that the structural changes in BCs by carbonization temperature
determine their adsorptive behavior towards TCE.
3.2. TCE adsorption

The adsorption isotherms for all the BCs and AC are shown in
Fig. 1. Among the tested BCs, the P-BC700 has the highest Qe

(30.74 mg g�1) followed by the S-BC700 (25.38 mg g�1) at 9 mg L�1

TCE equilibrium concentration in water, which was comparable to
that of AC (34.04 mg g�1) at an equilibrium concentration of
6 mg L�1 TCE. However, the relatively low Qe values of 9.85 mg g�1

and 7.79 mg g�1 were obtained for S-BC300 and P-BC300, respec-
tively, at a maximum equilibrium concentration of 14 mg L�1

TCE. Similarly, Klasson et al. (2009) reported 50 mg g�1 loading
of TCE on commercial AC (Calgon Filtrasorb 300) at an equilibrium
concentration of 4 mg L�1, indicating a higher TCE loading than
present findings of 25 mg g�1 for BCs produced at 700 �C and
30 mg g�1 for AC. Wei and Seo (2010) also reported a 1.1 mg g�1

Qe value for TCE adsorption on pine mulch at a 50 mg L�1 initial
concentration which is lower than present findings.

Table 3 shows the Freundlich and Langmuir isotherm constants
and the TCE adsorption correlation coefficients for the different BCs
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Fig. 1. Freundlich (a) and Langmuir (b) isotherms of trichloroethylene (TCE)
adsorption on biochars (BCs) and activated carbon (AC).
and AC. The parameter KF in the Freundlich equation was higher for
S-BC700 (12 mg g�1) and P-BC700 (14 mg g�1) than that of S-
BC300 (3 mg g�1) and P-BC300 (2 mg g�1), reflecting the high
adsorption capacity of BCs produced at 700 �C. The 1/nF values
were <1 in all cases, thereby indicating nonlinearity in the iso-
therms similar to other studies of Chen et al. (2008) and Uchimiya
et al. (2010). The maximum adsorption capacity (SM) as deter-
mined by the Langmuir equation was 32 mg g�1 for BCs produced
at 700 �C which is 2.7 times higher than that of BCs produced at
300 �C (12 mg g�1), providing an evidence of a higher binding en-
ergy (KL). The tested AC showed the greatest adsorption affinity
for TCE with an SM value of 50 mg g�1. The AC has been extensively
used as an adsorbent for removing TCE from water. The high effi-
ciency of AC is related to its high surface area and microporosity
as a result of thermal or chemical activation (Karanfil and Dastg-
heib, 2004; Klasson et al., 2009). The results showed that the Lang-
muir model well described the TCE adsorption on BCs and AC
based on the correlation coefficients, indicating monolayer cover-
age of adsorbate on planar surfaces of adsorbents.

The percentage removal of TCE from water by BCs and AC is pre-
sented in Fig. 2. At the same carbonization temperature, the per-
centage removals of TCE were not significantly different when
BCs derived from soybean stover and peanut shells were applied.
At the relatively low TCE initial concentrations, P-BC700 was more
effective than the other BCs and AC, which may be attributed to its
high KL value (1.23 mg�1; Table 3) permitting more binding sites to
attach TCE at low initial concentrations. The TCE removal efficiency
of BCs or AC can be decreased with increasing initial TCE concen-
tration due to the low availability of binding sites to attach TCE
in the adsorbents (Ahmad et al., 2012b).

3.3. Interaction between BC properties and TCE adsorption

The adsorptive behavior of a sorbent for a non-ionic organic
compound depends on its physical and chemical properties (Kim
et al., 2012). The adsorption capacity of BCs was correlated with
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Fig. 2. Percentage removal of trichloroethylene (TCE) using biochars (BCs) and
activated carbon (AC).
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their properties including C and O content, molar H/C, O/C, and
(O + N)/C ratios, and surface area (Fig. 3). The TCE adsorption
capacities (Qe6) of different BCs and AC were taken from the
adsorption isotherms at a constant TCE equilibrium concentration
of 6 mg L�1 and plotted against various sorbent properties taken
from Table 2. The Qe6 was positively correlated with C content.
The highest C content occurred with AC followed by P-BC700 and
S-BC700 due to their high carbonization temperatures, and indi-
cated the presence of more carbonized OM to serve as an adsorbent
(Chen et al., 2008). In contrast, at a relatively low carbonization
temperature of 300 �C, the presence of non-carbonized mobile
matter showed the low C contents and hindered the adsorptive
properties.

The Qe6 was negatively correlated with the O contents of BCs
and AC. As mentioned earlier, the low O content resulted in the in-
creased hydrophobicity of S-BC700, P-BC700, and AC because of
the removal of acidic functional groups favoring the adsorption
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Fig. 3. Trichloroethylene (TCE) adsorption capacities of biochars (BCs) and activated carbo
(d) O/C, (e) (O + N)/C, and (f) surface area.
of hydrophobic TCE. The molar H/C ratio, as an indicator of aroma-
ticity, was negatively correlated with the Qe6 values of BCs and AC.
Adsorption of organic contaminants generally increases with aro-
maticity of C materials. Similar to H/C, the low molar ratios of O/
C, (O + N)/C, and (O + N + S)/C promoted the TCE adsorption capac-
ity of BCs. A decrease of polarity, as indicated by the low O/C and
(O + N)/C ratios of BCs produced at 700 �C and AC, greatly influ-
enced their adsorption capacities. The polarity of the C surface is
critical to determine C–H2O interactions. Polar sites hinder the
removal of hydrophobic organic contaminants such as TCE via
formation of water clusters (Karanfil and Dastgheib, 2004). The
O-containing functional groups adsorb water as a result of
hydrogen bonding preventing the access of organic contaminant
to hydrophobic sites on the C surface (Li et al., 2002). The low O
contents in BCs produced at 700 �C hindered the formation of
water clusters and facilitated TCE adsorption. The positive correla-
tion between the Qe6 values of BCs or AC and their surface area
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Fig. 4. Correlation among Freundlich adsorptive capacity (KF) and Langmuir maximum adsorption capacity (SM) versus molar ratios of H/C, O/C, (O + N)/C, and surface area of
biochars (BCs) and activated carbon (AC).
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indicated their interdependence. A similar dependence of adsorp-
tion capacity on surface area has been reported by Chen et al.
(2008) and Erto et al. (2010). The removal of volatile matter from
BCs at high temperature (700 �C) would have resulted in the devel-
opment of micropores causing increased surface area leading to
greater diffusion of TCE into these micropores.

To further elucidate the TCE adsorption, Freundlich adsorptive
capacity (KF) and Langmuir adsorption capacity (SM) were plotted
versus the elemental ratios and surface area of BCs and AC
(Fig. 4). A linear decrease in KF and SM as a function of molar H/C,
O/C, and (O + N)/C ratios, whereas a linear increase in KF and SM

as a function of surface area were obtained. Specifically, the aroma-
ticity was the best for correlation with the KF (R2 = 0.91), whereas
the polarity was well fitted with the SM (R2 = 0.96). Similar linearity
between sorption parameters and aromaticity was reported by
Chen et al. (2008) and Uchimiya et al. (2010). The BC properties
influenced by carbonization temperature further affected their
adsorption characteristics. High aromaticity and decreased polarity
of S-BC700 and P-BC700 promoted their adsorption capacities for
removing TCE in water compared to S-BC300 and P-BC300.

3.4. TCE desorption

To evaluate the regeneration of BC, TCE was desorbed using n-
hexane solvent. Details are given in the Supplementary Data. A
maximum of 56% TCE desorption was observed from AC, while
<20% of TCE desorption occurred from BCs (Fig. S3; Supplementary
Data). Such behavior indicated that BCs have more strong binding
affinity to TCE than AC and there is less release risk of adsorbed TCE
from BCs than AC. Among BCs, P-BC700 and S-BC700 showed high-
er TCE desorption compared to P-BC300 and S-BC300, respectively.
This suggested that adsorption of TCE onto BC may differ to that of
AC. Possibly, diffusion processes may have limited the desorption
of TCE from BC, and/or the presence of non-carbonized fraction
may have shielded the pores of BC resulting in less desorption, spe-
cifically from BCs produced at low temperature of pyrolysis. How-
ever, the extended desorption experiments for long-time period
using different solvents can help to verify such speculations and
to further demonstrate the regeneration of BC. Nevertheless, the
low cost of BC and the regeneration properties, it may be econom-
ical to use BC one time without regeneration.

3.5. Environmental implications

The use of BC as an alternative adsorbent to remediate organic
contaminants could be advantageous. Production of BC is cheap
compare to AC because of less energy requirements and no pre-
or post-activation processes. The estimated break-even price of
BC is US$246 per ton, which is approximately 1/6 of AC
(�US$1500 per ton) (Klasson et al., 2009; McCarl et al., 2009).
Additionally, BC is also obtained from bio-oil manufacturing as a
byproduct, which can effectively be used as adsorbent to remediate
contaminants. This will further bring down the cost of bio-oil pro-
duction. Transformation of waste biomass by pyrolysis into BC can
also provide a beneficial way to reuse the waste materials. In the
present study, BCs produced at 700 �C were effective in removing
TCE from water. Especially, the BCs at high temperature have po-
tential to mitigate CO2 as a greenhouse gas, resulting from their
high stability in the soil. Other co-benefits of BC can be related to
its application in soil where it can improve soil fertility by reducing
the loss of soil nutrients and retaining moisture contents.

4. Conclusions

Carbonization temperature strongly influenced the physical and
chemical properties of BCs produced from soybean stover and
peanut shells. Structural, elemental, and morphological properties
were similar in BCs produced at the same temperatures. Removing
oxygen-containing functional groups from BCs during carboniza-
tion resulted in increasing hydrophobicity and surface area and
decreasing polarity. It also induced the condensation of the aro-
matic structure of BCs. Moreover, the characteristics of BC gener-
ated at different carbonization temperatures determine the
behavior or capacity of TCE adsorption.
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EXECUTIVE SUMMARY 
Biochar application to soils is being considered as a means to sequester 
carbon (C) while concurrently improving soil functions. The main focus of this 
report is providing a critical scientific review of the current state of knowledge 
regarding the effects of biochar application to soils on soil properties, 
processes and functions. Wider issues, including atmospheric emissions and 
occupational health and safety associated to biochar production and handling, 
are put into context. The aim of this review is to provide a sound scientific 
basis for policy development, to identify gaps in current knowledge, and to 
recommend further research relating to biochar application to soils. See Table 
1 for an overview of the key findings from this report. Biochar research is in its 
relative infancy and as such substantially more data are required before 
robust predictions can be made regarding the effects of biochar application to 
soils, across a range of soil, climatic and land management factors. 
 
Definition  
In this report, biochar is defined as: “charcoal (biomass that has been 
pyrolysed in a zero or low oxygen environment) for which, owing to its 
inherent properties, scientific consensus exists that application to soil at a 
specific site is expected to sustainably sequester carbon and concurrently 
improve soil functions (under current and future management), while avoiding 
short- and long-term detrimental effects to the wider environment as well as 
human and animal health." Biochar as a material is defined as: "charcoal for 
application to soils". It should be noted that the term 'biochar' is generally 
associated with other co-produced end products of pyrolysis such as 'syngas'. 
However, these are not usually applied to soil and as such are only discussed 
in brief in the report. 
  
Biochar properties  
Biochar is an organic material produced via the pyrolysis of C-based 
feedstocks (biomass) and is best described as a ‘soil conditioner’. Despite 
many different materials having been proposed as biomass feedstock for 
biochar (including wood, crop residues and manures), the suitability of each 
feedstock for such an application is dependent on a number of chemical, 
physical, environmental, as well as economic and logistical factors. Evidence 
suggests that components of the carbon in biochar are highly recalcitrant in 
soils, with reported residence times for wood biochar being in the range of 
100s to 1,000s of years, i.e. approximately 10-1,000 times longer than 
residence times of most soil organic matter (SOM). Therefore, biochar 
addition to soil can provide a potential sink for C. It is important to note, 
however, that there is a paucity of data concerning biochar produced from 
feedstocks other than wood. Owing to the current interest in climate change 
mitigation, and the irreversibility of biochar application to soil, an effective 
evaluation of biochar stability in the environment and its effects on soil 
processes and functioning is paramount. The current state of knowledge 
concerning these factors is discussed throughout this report.  
 
Pyrolysis conditions and feedstock characteristics largely control the physico-
chemical properties (e.g. composition, particle and pore size distribution) of 
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the resulting biochar, which in turn, determine the suitability for a given 
application, as well as define its behaviour, transport and fate in the 
environment. Reported biochar properties are highly heterogeneous, both 
within individual biochar particles but mainly between biochar originating from 
different feedstocks and/or produced under different pyrolysis conditions. For 
example, biochar properties have been reported with cation exchange 
capacities (CECs) from negligible to approximately 40 cmolc g-1, C:N ratios 
from 7 to 500 (or more). The pH is typically neutral to basic and as such 
relatively constant. While such heterogeneity leads to difficulties in identifying 
the underlying mechanisms behind reported effects in the scientific literature, 
it also provides a possible opportunity to engineer biochar with properties that 
are best suited to a particular site (depending on soil type, hydrology, climate, 
land use, soil contaminants, etc.).  
 
Effects on soils  
Biochar characteristics (e.g. chemical composition, surface chemistry, particle 
and pore size distribution), as well as physical and chemical stabilisation 
mechanisms of biochar in soils, determine the effects of biochar on soil 
functions. However, the relative contribution of each of these factors has been 
assessed poorly, particularly under the influence of different climatic and soil 
conditions, as well as soil management and land use. Reported biochar loss 
from soils may be explained to a certain degree by abiotic and biological 
degradation and translocation within the soil profile and into water systems. 
Nevertheless, such mechanisms have been quantified scarcely and remain 
poorly understood, partly due to the limited amount of long-term studies, and 
partly due to the lack of standardised methods for simulating biochar aging 
and long-term environmental monitoring. A sound understanding of the 
contribution that biochar can make as a tool to improve soil properties, 
processes and functioning, or at least avoiding negative effects, largely relies 
on knowing the extent and full implications of the biochar interactions and 
changes over time within the soil system.  
 
Extrapolation of reported results must be done with caution, especially when 
considering the relatively small number of studies reported in the primary 
literature, combined with the small range of climatic, crop and soil types 
investigated when compared to possible instigation of biochar application to 
soils on a national or European scale. To try and bridge the gap between 
small scale, controlled experiments and large scale implementation of biochar 
application to a range of soil types across a range of different climates 
(although chiefly tropical), a statistical meta-analysis was undertaken. A full 
search of the scientific literature led to a compilation of studies used for a 
meta-analysis of the effects of biochar application to soils and plant 
productivity. Results showed a small overall, but statistically significant, 
positive effect of biochar application to soils on plant productivity in the 
majority of cases. The greatest positive effects were seen on acidic free-
draining soils with other soil types, specifically calcarosols showing no 
significant effect (either positive or negative). There was also a general trend 
for concurrent increases in crop productivity with increases in pH up on 
biochar addition to soils. This suggests that one of the main mechanisms 
behind the reported positive effects of biochar application to soils on plant 
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productivity may be a liming effect. However, further research is needed to 
confirm this hypothesis. There is currently a lack of data concerning the 
effects of biochar application to soils on other soil functions. This means that 
although these are qualitatively and comprehensively discussed in this report, 
a robust meta-analysis on such effects is as of yet not possible. Table 0.1 
provides an overview of the key findings - positive, negative, and unknown - 
regarding the (potential) effects on soil, including relevant conditions. 
 
Preliminary, but inconclusive, evidence has also been reported concerning a 
possible priming effect whereby accelerated decomposition of SOM occurs 
upon biochar addition to soil. This has the potential to both harm crop 
productivity in the long term due to loss of SOM, as well as releasing more 
CO2 into the atmosphere as increased quantities of SOM is respired from the 
soil. This is an area which requires urgent further research.  
 
Biochar incorporation into soil is expected to enhance overall sorption 
capacity of soils towards anthropogenic organic contaminants (e.g. polycyclic 
aromatic hydrocarbons - PAHs, pesticides and herbicides), in a 
mechanistically different (and stronger) way than amorphous organic matter. 
Whereas this behaviour may greatly mitigate toxicity and transport of common 
pollutants in soils through reducing their bioavailability, it might also result in 
their localised accumulation, although the extent and implications of this have 
not been fully assessed experimentally. The potential of biochar to be a 
source of soil contamination needs to be evaluated on a case-by-case basis, 
not only with concern to the biochar product itself, but also to soil type and 
environmental conditions.  
 
Implications  
As highlighted above, before policy can be developed in detail, there is an 
urgent need for further experimental research with regard to long-term effects 
of biochar application on soil functions, as well as on the behaviour and fate in 
different soil types (e.g. disintegration, mobility, recalcitrance), and under 
different management practices. The use of representative pilot areas, in 
different soil ecoregions, involving biochars produced from a representative 
range of feedstocks is vital. Potential research methodologies are discussed 
in the report. Future research should also include biochars from non-lignin-
based feedstocks (such as crop residues, manures, sewage and green waste) 
and focus on their properties and environmental behaviour and fate as 
influenced by soil conditions. It must be stressed that published research is 
almost exclusively focused on (sub)tropical regions, and that the available 
data often only relate to the first or second year following biochar application.  
 
Preliminary evidence suggests that a tight control on the feedstock materials 
and pyrolysis conditions might substantially reduce the emission levels of 
atmospheric pollutants (e.g. PAHs, dioxins) and particulate matter associated 
to biochar production. While implications to human health remain mostly an 
occupational hazard, robust qualitative and quantitative assessment of such 
emissions from pyrolysis of traditional biomass feedstock is lacking. 
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Biochar potentially affects many different soil functions and ecosystem 
services, and interacts with most of the ‘threats to soil’ outlined by the Soil 
Thematic Strategy (COM(2006) 231). It is because of the wide range of 
implications from biochar application to soils, combined with the irreversibility 
of its application that more interdisciplinary research needs to be undertaken 
before policy is implemented. Policy should first be designed with the aim to 
invest in fundamental scientific research in biochar application to soil. Once 
positive effects on soil have been established robustly for certain biochars at a 
specific site (set of environmental conditions), a tiered approach can be 
imagined where these combinations of biochar and specific site conditions are 
considered for implementation first. A second tier would then consist of other 
biochars (from different feedstock and/or pyrolysis conditions) for which more 
research is required before site-specific application is considered. 
 
From a climate change mitigation perspective, biochar needs to be 
considered in parallel with other mitigation strategies and cannot be seen as 
an alternative to reducing emissions of greenhouse gases. From a soil 
conservation perspective, biochar may be part of a wider practical package of 
established strategies and, if so, needs to be considered in combination with 
other techniques. 
 

Table 0.1 Overview of key findings (numbers in parentheses refer to relevant sections) 

   Description  Conditions  

Empirical evidence of 
charcoal in soils exists (long 
term)  

Biochar analogues (pyrogenic BC and charcoal) are found in 
substantial quanities in soils of most parts of the world (1.2-1.4)  

The principle of improving 
soils has been tried 
successfully in the past  

Anthrosols can be found in many parts of the world, although 
normally of very small spatial extent. Contemplation of Anthrosol 
generation at a vast scale requires more comprehensive, detailed 
and careful analysis of effects on soils as well as interactions with 
other environmental components before implementation (1.2-1.3 
and throughout)  

Plant production has been 
found to increase 
significantly after biochar 
addition to soils  

Studies have been reported almost exclusively from tropical regions 
with specific environmental conditions, and generally for very limited 
time periods, i.e. 1-2 yr. Some cases of negative effects on crop 
production have also been reported (3.3). 

Liming effect  Most biochars have neutral to basic pH and many field experiments 
show an increase in soil pH after biochar application when the initial 
pH was low. On alkaline soils this may be an undesirable effect. 
Sustained liming effects may require regular applications  (3.1.4) 

High sorption affinity for 
HOC may enhance the 
overall sorption capacity of 
soils towards these trace 
contaminants   

Biochar application is likely to improve the overall sorption capacity 
of soils towards common anthropogenic organic compounds (e.g. 
PAHs, pesticides and herbicides), and therefore influence toxicity, 
transport and fate of such contaminants. Enhanced sorption 
capacity of a silt loam for diuron and other anionic and cationic 
herbicides has been observed following incorporation of biochar 
from crop residues (3.2.2) 

Po
si

tiv
es

 

Microbial habitat and 
provision of refugia for 
microbes whereby they are 
protected from grazing  

Biochar addition to soil has been shown to increase microbial 
biomass and microbial activity, as well as microbial efficieny as a 
measure of CO2 released per unit microbial biomass C. The degree 
of the response appears to be dependent on nutrient avaialbility in
soils  
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Increases in mycorrhizal 
abundace which is linked to 
observed increases in plant 
productivity    

Possibly due to: a) alteration of soil physico-chemical properties; b) 
indirect effects on mycorrhizae through effects on other soil 
microbes; c) plant–fungus signalling interference and detoxification 
of allelochemicals on biochar; or d) provision of refugia from fungal 
grazers (3.2.6)  

Increases in earthworm 
abundance and activity      

Earthworms have been shown to prefer some soils amended with 
biochar than those soils alone. However, this is not true of all 
biochars, particularly at high application rates (3.2.6)  

The use of biochar 
analogues for assessing 
effects of modern biochars 
is very limited  

Charcoal in Terra Preta soils is limited to Amazonia and have 
received many diverse additions other than charcoal. Pyrogenic BC
is found in soils in many parts of the world but are of limited 
feedstock types and pyrolysis conditions (Chapter 1)  

Soil loss by erosion  Top-dressing biochar to soil is likely to increase erosion of the 
biochar particles both by wind (dust) and water. Many other effects 
of biochar in soil on erosion can be theorised, but remain untested 
at present (4.1) 

Soil compaction during 
application  

Any application carries a risk of soil compaction when performed 
under inappropriate conditions. Careful planning and management 
could prevent this effect  (4.6) 

Risk of contamination Contaminants (e.g. PAHs, heavy metals, dioxins) that may be
present in biochar may have detrimental effects on soil properties 
and functions. The ocurrence of such compounds in biochar is likely 
to derive from either contaminated feedstocks or the use of
processing conditions that may favour their production. Evidence 
suggests that a tight control over the type of feedstock used and 
lower pyrolysis temperatures (<500oC) may be sufficient to reduce 
the potential risk for soil contamination (3.2.4) 

Residue removal  Removal of crop residues for use as a feedstock for biochar 
production can forego incorporation of the crop residue into the soil, 
potentially leading to multiple negative effects on soils (3.2.5.5)  

Occupational health and fire 
hazards 

Health (e.g. dust exposure) and fire hazards associated to the 
production, transport, application and storage of biochar need to be 
considered when determining the suitability for biochar application. 
In the context of occupational health, tight health and safety 
measures need to be put in place in order to reduce such risks. 
Some of these measures have already proved adequate (5.2)  

N
eg

at
iv

es
 

Reduction in earthworm 
survival rates (limited 
number of cases) 

High biochar application rates of  >67 t ha-1 (produced from poultry 
litter) were shown to have a negative effect on earthworm survival 
rates, possibly due to increases in pH or salt levels (3.2.6) 

Empirical evidence is 
extremely scarce for many 
modern biochars in soils 
under modern arable 
management  

Biochar analogues do not exist for many feedstocks, or for some 
modern pyrolysis conditions. Biochar can be produced with a wide 
variety of properties and applied to soils with a wide variety of 
properties. Some short term (1-2 yr) evidence exists, but only for a 
small set of biochar, environmental and soil management factors 
and almost no data is available on long term effect (1.2-1.4)  

C Negativity  The carbon storage capacity of biochar is widely hypothesised, 
although it is still largely unquantified and depends on many factors 
(environmental, economic, social) in all parts of the life cycle of 
biochar and at the several scales of operation (1.5.2 and Chapter 5) 

Effects on N cycle  N2O emissions depend on effects of biochar addition on soil 
hydrology (water-filled pore volume) and associated microbial 
processes. Mechanisms are poorly understood and thresholds 
largely unknown (1.5.2)  

Biochar Loading Capacity 
(BLC)  

BLC is likely to be crop as well as soil dependent leading to potential 
incompatibilities between the irreversibility of biochar once applied 
to soil and changing crop demands (1.5.1) 

U
nk

no
w

n 

Environmental behaviour The extent and implications of the changes that biochar undergoes 
in soil remain largely unknown. Although biochar physical-chemical 



 

mobility and fate  properties and stabilization mechanisms may explain biochar long 
mean residence times in soil, the relative contribution of each factor 
for its short- and long-term loss has been sparsely assessed, 
particularly when influenced by soil environmental conditions. Also, 
biochar loss and mobility through the soil profile and into the water 
resources has been scarcely quantified and transport mechanisms 
remain poorly understood (3.2.1)  

Distribution and availability 
of contaminants (e.g. heavy 
metals, PAHs) within 
biochar 

Very little experimental evidence is available on the short- and long-
term occurrence and bioavailability of such contaminants in biochar 
and biochar-enriched soil. Full and careful risk assessment in this 
context is urgently required, in order to relate the bioavailability and 
toxicity of the contaminant to biochar type and 'safe' application 
rates, biomass feedstock and pyrolysis conditions, as well as soil 
type and environmental conditions (3.2.4)  

Effect on soil organic matter
dynamics  

Various relevant processes are acknowledged but the way these are 
influenced by combinations of soil-climate-management factors 
remains largely unknown (Section 3.2.5) 

Pore size and connectivity  Although pore size distribution in biochar may significantly alter key 
soil physical properties and processes (e.g. water retention, 
aeration, habitat), experimental evidence on this is scarce and the 
underlying mechanisms can only be hypothesised at this stage (2.3 
and 3.1.3)  

Soil water 
retention/availability  

Adding biochar to soil can have direct and indirect effects on soil 
water retention, which can be short or long lived, and which can be 
negative or positive depending on soil type. Positive effects are 
dependent on high applications of biochar. No conclusive evidence 
was found to allow the establishment of an unequivocal relation 
between soil water retention and biochar application (3.1.2) 

Soil compaction  Various processes associated with soil compaction are relevant to 
biochar application, some reducing others increasing soil 
compaction. Experimental research is lacking. The main risk to soil 
compaction could probably be reduced by establishing a guide of 
good practice regarding biochar application (3.1.1 and 4.6)  

Priming effect Some inconclusive evidence of a possible priming effect exists in 
the literature, but the evidence is relatively inconclusive and covers 
only the short term and a very restricted sample of biochar and soil 
types (3.2.5.4) 

Effects on soil megafauna  Neither the effects of direct contact with biochar containing soils on 
the skin and respiratory systems of soil megafanua are known, nor 
the effects or ingestion due to eating other soil organisms, such as 
earthworms, which are likely to contain biochar in their guts (3.2.6.3)

Hydrophobicity  The mechnanisms of soil water repellency are understood poorly in 
general. How biochar might influence hydrophobicity remains largely 
untested (3.1.2.1) 

Enhanced decomposition of 
biochar due to agricultural 
management  

It is unknow how much subsequent agricultural management 
practices (planting, ploughing, etc.) in an agricultural soil with 
biochar may influence (accelerate) the disintegration of biochar in 
the soil, thereby potentially reducing its carbon storage potential 
(3.2.3)  

Soil CEC  There is good potential that biochar can improve the CEC of soil. 
However, the effectiveness and duration of this effect after addition 
to soils remain understood poorly (2.5 and 3.1.4) 

Soil Albedo  That biochar will lower the albedo of the soil surface is fairly well 
established, but if and where this will lead to a substantial soil 
warming effect is untested (3.1.3) 
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Pyrolysis (mass noun) The thermal degradation of biomass in the absence 
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time (ENVASSO, 2008). 
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level, causing a deterioration or loss of one or more soil functions. 
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point on the earth's surface to be deposited elsewhere. When the 
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9. Desertification 
Soil water 
repellency 

the reduction of the affinity of soils to water such that they resist 
wetting for periods ranging from a few seconds to hours, days or 
weeks (King, 1981) 

Terra Preta (noun) Colloquial term for a kind of Anthrosol where charcoal (or 
biochar) has been applied to soil along with many other materials, 
including pottery shards, turtle shells, animal and fish bones, etc. 
Originally found in Brazil. From the Portuguese ‘terra’ meaning 
‘earth’ and ‘preta’ meaning ‘black’. 

 





 

1. BACKGROUND AND INTRODUCTION 
Biochar is commonly defined as charred organic matter, produced with the 
intent to deliberately apply to soils to sequester carbon and improve soil 
properties (based on: Lehmann and Joseph, 2009). The only difference 
between biochar and charcoal is in its utilitarian intention; charcoal is 
produced for other reasons (e.g. heating, barbeque, etc.) than biochar. In a 
physicochemical sense, biochar and charcoal are essentially the same 
material. It could be argued that biochar is a term that is used for other 
purposes than scientific, i.e. to re-brand charcoal into something more 
attractive-sounding to serve a commercial purpose. However, from a soil 
science perspective it is useful to be able to distinguish between any charcoal 
material and those charcoal materials where care has been taken to avoid 
deleterious effects on soils and to promote beneficial ones. As this report 
makes clear, the wide variety of soil groups and associated properties and 
processes will require specific charcoal properties for specific soils in order to 
meet the intention of biochar application. Considering the need to make this 
distinction, a new term is required and since biochar is the most common term 
currently used, it was selected for this report. The definition of the concept of 
biochar used in this report is:  
“charcoal (biomass that has been pyrolysed in a zero or low oxygen 
environment) for which, owing to its inherent properties, scientific consensus 
exists that application to soil at a specific site is expected to sustainably 
sequester carbon and concurrently improve soil functions (under current and 
future management), while avoiding short- and long-term detrimental effects 
to the wider environment as well as human and animal health.” As a material, 
biochar is defined as: “charcoal for application to soil”. 
The distinction between biochar as a concept and as a material is important. 
For example, a particular biochar (material) may comply with all the conditions 
in the concept of biochar when applied to field A, but not when applied to field 
B. This report investigates the evidence for when, where and how actual 
biochar application to soil complies with the concept, or not. 
The terms ‘charcoal’ and ‘pyrogenic black carbon (BC)’ are also used in this 
report when appropriate according to their definitions above and in the List of 
Key Terms. Additionally, BC refers to C-rich residues from fire or heat 
(including from coal, gas or petrol). 
This report aims to review the state-of-the-art regarding the interactions 
between biochar application to soil and its effects on soil properties, 
processes and functioning. A number of recent publications have addressed 
parts of this objective as well (Sohi et al., 2009; Lehmann and Joseph, 2009; 
Collison et al., 2009). This report sets itself apart by i) addressing the issue 
from an EU perspective, ii) inclusion of quantitative meta-analyses of selected 
effects, and iii) a discussion of biochar for the threats to soil as identified by 
the Thematic Strategy for Soil Protection h(COM(2006) 231). In addition, this 
report is independent, objective and critical. 
Biochar is a stable carbon (C) compound created when biomass (feedstock) 
is heated to temperatures between 300 and 1000ºC, under low (preferably 
zero) oxygen concentrations. The objective of the biochar concept is to abate 
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the enhanced greenhouse effect by sequestering C in soils, while concurrently 
improving soil quality. The proposed concept through which biochar 
application to soils would lead to C sequestration is relatively straightforward. 
Carbondioxide from the atmosphere is fixed in vegetation through 
photosynthesis. Biochar is subsequently created through pyrolysis of the plant 
material thereby potentially increasing its recalcitrance with respect to the 
original plant material. The estimated residence time of biochar-carbon is in 
the range of hundreds to thousands of years while the residence time of 
carbon in plant material is in the range of decades. Consequently, this would 
reduce the CO2 release back to the atmosphere if the carbon is indeed 
persistently stored in the soil. The carbon storage potential of biochar is 
widely hypothesised, although it is still largely unquantified, particularly when 
also considering the effects on other greenhouse gasses (see Section 1.3), 
and the secondary effects of large-scale biochar deployment. Concomitant 
with carbon sequestration, biochar is intended to improve soil properties and 
soil functioning relevant to agronomic and environmental performance. 
Hypothesised mechanisms that have been suggested for potential 
improvement are mainly improved water and nutrient retention (as well as 
improved soil structure, drainage). 
Considering the multi-dimensional and cross-cutting nature of biochar, an 
imminent need is anticipated for a robust and balanced scientific review to 
effectively inform policy development on the current state of knowledge with 
reference to biochar application to soils. 
 

 
 

How to read this report? 
 
Chapter 1 introduces the concept of biochar and its origins, including a 
comparison with European conditions/history.  
Chapter 2 reviews the range of physical and chemical properties of biochars 
that are most relevant to soils.  
Chapter 3 focuses on the interactions between biochar application to soil 
and soil properties, processes and functions.  
Chapter 4 outlines how biochar application can be expected to influence 
threats to soils.  
Chapter 5 discusses some key issues regarding biochar that are beyond the 
scope of this report.  
Chapter 6 summarises the main findings of the previous chapters, 
synthesises between these and identifies the key findings. Suggestions for 
further reading are inserted where appropriate. 
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1.1 Biochar in the attention 
The concept of biochar is increasingly in the attention in both political and 
academic arenas, with several countries (e.g. UK, New Zealand, U.S.A.) 
establishing ‘biochar research centres’; as well as in the popular media where 
it is often portrayed as a miracle cure (or as a potential environmental 
disaster). The attention of the media and public given to biochar can be 
illustrated by contrasting a GoogleTM search for ‘biochar’ with a search for 
‘biofuels’. A Google search for biochar yields 185,000 hits while biofuels yields 
5,210,000 hits. Another illustration is given by comparing the search volumes 
of ‘biochar’, ‘Terra Preta’ and ‘black earth’ over the last years, testifying the 
recent increase in attention in and exposure of biochar (Figure 1.1, made with 
Google TrendsTM). 
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Figure 1.1 Google TrendsTM result of “biochar”, “Terra Preta” and “black earth”. The scale is 
based on the average worldwide traffic of “biochar” from January 2004 until June 2009 (search 
performed on 04/12/2009) 

The geographical interest in biochar can be explored further by using the 
search volume index of biochar; the total number of searches normalised by 
the overall search volume by country. Over the last 12 months the search 
volume index for biochar was highest in Australia and New Zealand (Figure 
1.2). The actual attention for biochar in Australia may even be higher, since in 
Australia biochar is also referred to as ‘Agrichar’, one of its trade names. 
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Figure 1.2 Google TrendsTM geographical distribution of the search volume index of “biochar” of 
the last 12 months from June 2008 to June 2009 (search performed on 16/09/2009). Data is 
normalised against the overall search volume by country 

An indication for the attention devoted to biochar by the scientific community 
is provided by performing a search in the scientific literature search engines 
Thompson’s ISI Web of Science and Google ScholarTM. A search in Google 
ScholarTM yielded 724 hits for biochar and 48,600 hits for biofuels (searches 
undertaken on 16/09/2009). If we consider ‘Terra Preta’ – a Hortic Anthrosol 
found in Amazonia – in comparison to biochar, a search yielded 121,000 hits 
on Google and 1,490 on Google Scholar. A search in the ISI Web of Science 
for those articles indexed for either biochar or bio-char yielded a total of 81 
articles (Figure 1.3). Three authors are independently involved in 22 articles 
(~25%) of these 81 articles (Lehmann (9); Derimbas (8); Davaajav (8)). Out of 
the 81 articles 27 articles include a reference to charcoal (Figure 1.3). This is 
an indication of the relative small number of scientists currently involved in 
biochar research, although the number of articles is rapidly increasing (Figure 
1.3). Finally, the oldest paper appearing in either ISI Web of ScienceTM or 
ScopusTM dealing with ‘biochar’, ‘Terra Preta’ or ‘black earth’ dates from 1998, 
1984 and 1953, respectively. 
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Figure 1.3 Scientific publications registred in Thompson’s ISI Web of Science indexed for either 
biochar or bio-char including those articles that mention charcoal (search performed on 
4/12/2009) 

 

1.2 Historical perspective on soil improvement 
Man-made soils (Anthrosols) enriched with charcoal are found as small 
pockets (10s – 200 m in diameter) close to both current and historic human 
settlements throughout Amazonia (see Figure 1.4) which are estimated to 
cover a total area of 6,000 – 18,000 km2 (Sombroek and Carvalho de Souza, 
2000). A rapidly expanding body of scientific literature has reached the 
consensus that these soils were created by indigenous people, as far back as 
10,000 yr BP (Woods et al., 2009), with varying depth (down to 1 m).  

         

Figure 1.4 Distribution of Anthrosols in Amazonia (left; Glaser et al., 2001) and Europe (right; 
Blume and Leinweber, 2004) 

The first Anthrosols in Europe, which are mostly enriched with organic 
material from peatlands and heathlands, have been dated to 3,000 yr BP on 
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the German island of Sylt (Blume and Leinweber, 2004). The largest expanse, 
from a 3,500 km2 total European area of man-made soils (Plaggic 
Anthrosols), was created during the Middle Ages in the nutrient poor, dry 
sandy soils (Arenosols) of The Netherlands, northern Belgium and north-
western Germany (Figure 1.4) to similar depths as their Amazonian 
counterparts (i.e. down to 1 m). 
Such a vast single area of Anthrosols is rare, if not unique, and may be 
explained by the relatively high population density (and subsequent food 
demand) combined with environmental factors, i.e. the presence of extensive 
peat deposits in close proximity to the nutrient poor free-draining soil. Much 
more common are small scale Anthrosols, pockets of man-made soils close to 
settlements, as an inevitable consequence or planned soil conditioning, by a 
‘permanent’ human settlement that continuously produces organic waste. 
Many Anthrosols do not appear on the EU soil distribution map because of 
their small size in relation to the 1:1,000,000 scale of the Soil Geographical 
Database of Eurasia, which is the basis of the map (Toth et al., 2008). 
However, numerous small scale Anthrosols have been reported across the 
European continent, e.g. Scotland (Meharg et al., 2006; Davidson et al., 
2006), Ireland, Italy, Spain and northwest Russia (Giani et al., 2004). Based 
on their formation, it can be assumed that Anthrosols exist in other parts of 
Europe as well, but data are lacking. 

 

Figure 1.5 Comparing tropical with temperate Anthrosols. The left half shows a profile of a 
fertile Terra Preta (Anthrosol with charcoal) created by adding charcoal to the naturally-
occurring nutrient poor Oxisol (far left; photo courtesy of Bruno Glaser). The right half (far 
right) is a profile picture of a fertile European Plaggen Soil (Plaggic Anthrosol; photo courtesy of 
Erica Micheli) created by adding peat and manure to the naturally-occurring nutrient poor 
sandy soils (Arenosols) of The Netherlands 

Although both European and Amazonian Anthrosols were enriched to 
increase their agricultural performance, there is an important distinction 
between the Plaggic Anthrosols of Europe and the Hortic Anthrosols of 
Amazonia (Figure 1.5). Plaggic is from the Dutch ‘Plag’ meaning a cut out 
section of the organic topsoil layer, including vegetation (grass or heather) 
while Hortic Anthrosol translates freely into ‘kitchen soil’. These names are 
reflected in their composition, i.e. Plaggic Anthrosols were made by adding 
organic topsoil material and peat (early Middle Ages) and mixed with manure 
(late Middle Ages) while Hortic Anthrosols were created by a wide variety of 
organic and mineral materials, ranging from animal bones to charcoal and 
pottery fragments. What sets the Terra Preta apart from other Hortic 
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Anthrosols is the high proportion of charcoal. It is assumed that the charcoal 
was made deliberately for application to soil, i.e. not just charred remains from 
clearing and burning the forest. 

1.3 Different solutions to similar problems 
The challenges faced by the people of two very different environments 
(tropical rain forest vs. temperate climate on largely open or partially 
deforested land) appear similar in the sense of needing to grow crops on soils 
that naturally had low nutrient and water retention. One can only speculate as 
to what exactly the reasons were for the people living at the time to either add 
or not add charcoal to their soils. In addition to the available supply of organic 
materials, possible explanations may be related to the relative value of the 
different organic materials and contrasting residence times of SOM. In a 
simplified scenario, the colder climate in Europe means that microbial 
decomposition occurs much more slowly than in the tropics, leading to much 
longer residence times of organic matter. The recalcitrance of the peat and 
plaggen that were added to the soil meant that the benefits from increased 
water and (to a lesser degree) nutrient retention lasted long enough to make it 
worth the investment. In tropical soils, however, the recalcitrance of the 
organic matter that was added to the soil needed to be greater to get a return 
that was worth the investment. Charring organic matter may have been a 
conscious policy to achieve this. Of course, wood and charcoal were being 
produced in Europe at the time as well. However, other uses of these 
materials were likely to be more valuable, e.g. the burning of wood in fire 
places to heat living accommodations and the use of charcoal to achieve high 
enough temperatures for extracting metals from ores. 
Because of the relatively small areal extent of Anthrosols, many of their 
locations may not be known or recognised presently. It is possible that small 
pockets of Anthrosols exist in Europe, created at different times in history, 
where greater amounts of charcoal are present than in the Plaggic Anthrosols. 
Potentially, identification and study of these sites (including chronosequences) 
could provide valuable information regarding the interactions between 
charcoal and environmental factors prevalent in Europe. 
 

1.4 Biochar and pyrogenic black carbon 
A potential analogue for biochar may be found in the charcoal produced by 
wildfires (or pyrogenic black carbon – BC – as it is often referred to) found 
naturally in soils across the world, and in some places even makes up a larger 
proportion of total organic C in the soil than in some Terra Preta soils. Preston 
and Schmidt (2006) showed an overview of studies on non-forested sites in 
different parts of the world with BC making up between 1 and 80% of total 
SOC. For example, BC was found to constitute 10-35% of the total SOC 
content for five soils from long-term agricultural research sites across the 
U.S.A. (Skjemstad et al., 2002). Schmidt et al. (1999) studied pyrogenic BC 
contents of chernozemic soils (Cambisol, Luvisol, Phaeozem, Chernozem and 
Greyzem) in Germany and found BC to make up 2-45% of total SOC (mean of 
14%). 
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Figure 1.6 Terms and properties of pyrogenic BC (adopted from Preston and Schmidt, 2006) 

However, it is important to bear in mind that, while the range of BC materials 
produced by wildfire overlaps with the range of biochar materials (i.e. the 
continuum from charred biomass to soot and graphite; Figure 1.6), the 
composition and properties of biochar can be very different to pyrogenic BC 
(see Chapter 2). The two main responsible factors are feedstock and pyrolysis 
conditions. In a wildfire, the feedstock is the aboveground biomass (and 
sometimes peat and roots) while for biochar any organic feedstock can 
theoretically be used from wood and straw to chicken manure (Chapter 2). In 
a pyrolysis oven, the pyrolysis conditions can be selected and controlled, 
including maximum temperature and duration but also the rate of temperature 
increase, and inclusion of steam, or e.g. KOH, activation and oxygen 
conditions. 
 

1.5 Carbon sequestration potential  
Globally, soil is estimated to hold more organic carbon (1,100 Gt; 1 
Gt=1,000,000,000 tonnes) than the atmosphere (750 Gt) and the terrestrial 
biosphere (560 Gt) (Post et al., 1990; Sundquist, 1993). In the Kyoto Protocol 
on Climate Change of 1997, which was adopted in the United Nations 
Framework Convention on Climate Change, Article 3.4 allows organic carbon 
stored in arable soils to be included in calculations of net carbon emissions. It 
speaks of the possibility of subtracting the amounts of CO2 removed from the 
atmosphere into agricultural sinks, from the assigned target reductions for 
individual countries. SOC sequestration in arable agriculture has been 
researched (Schlesinger, 1999; Smith et al., 2000a, b; Freibauer et al., 2002; 
West & Post, 2002; Sleutel et al., 2003; Janzen, 2004; King et al., 2004; Lal, 
2004) against the background of organic carbon (OC) credit trading schemes 
(Brown et al., 2001; Johnson & Heinen, 2004). However, fundamental 
knowledge on attainable SOC contents (relative to variation in environmental 
factors) is still in its infancy, and it is mostly approached by modelling (Falloon 
et al., 1998; Pendall et al., 2004). 
The principle of using biochar for carbon (C) sequestration is related to the 
role of soils in the C-cycle (Figure 1.7). As Figure 1.7 shows, the global flux of 
CO2 from soils to the atmosphere is in the region of 60 Gt of C per year. This 
CO2 is mainly the result of microbial respiration within the soil system as the 
microbes decompose soil organic matter (SOM). Components of biochar are 
proposed to be considerably more recalcitrant than SOM and as such are only 
decomposed very slowly, over a time frame which can be measured in 
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hundreds or thousands of years. This means that biochar allows carbon input 
into soil to be increased greatly compared to the carbon output through soil 
microbial respiration, and it is this that is the basis behind biochar’s possible 
carbon negativity and hence its potential for climate change mitigation. 

 

Figure 1.7 Diagram of the carbon cycle. The black numbers indicate how much carbon is stored 
in various reservoirs, in billions of tons (GtC = Gigatons of Carbon and figures are circa 2004). 
The purple numbers indicate how much carbon moves between reservoirs each year, i.e. the 
fluxes. The sediments, as defined in this diagram, do not include the ~70 million GtC of 
carbonate rock and kerogen (NASA, 2008) 

Although Figure 1.7 is clearly a simplification of the C-cycle as it occurs in 
nature, the numbers are well established (NASA, 2008) and relatively 
uncontroversial. A calculation of the fluxes, while being more a ‘back of the 
envelope’ calculation, than precise mathematics, is highly demonstrative of 
the anthropogenic influence on atmospheric CO2 levels. When all of the sinks 
are added together (that is the fluxes of CO2 leaving the atmosphere) the total 
amount of C going into sinks is found to be in the region of 213.35 Gt per 
year. Conversely, when all of the C fluxes emitted into the atmosphere from 
non-anthropogenic (natural) sources are added, they total 211.6 Gt per year. 
This equates to a net loss of carbon from the atmosphere of 1.75 Gt C. 
It is for this reason that the relatively small flux of CO2 from anthropogenic 
sources (5.5 Gt C per year) is of such consequence as it turns the overall C 
flux from the atmosphere from a loss of 1.75 Gt per year, to a net gain of 3.75 
Gt C per year. This is in relatively close agreement with the predicted rate of 
CO2 increase of about 3 Gt of C per year (IPCC, 2001). It is mitigation of this 
net gain of CO2 to the atmosphere that biochar’s addition to soil is posited for.  
Lehmann et al. (2006) estimate a potential global C-sequestration of 0.16 Gt 
yr-1 using current forestry and agricultural wastes, such as forest residues, mill 
residues, field crop residues, and urban wastes for biochar production. Using 
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projections of renewable fuels by 2100, the same authors estimate 
sequestration to reach a potential range of 5.5-9.5 Gt yr-1, thereby exceeding 
current fossil fuel emissions. However, the use of biochar for climate change 
mitigation is beyond the scope of this report that focuses on the effects of 
biochar addition to soils with regard to physical, chemical and biological 
effects, as well as related effects on soil and ecosystem functioning. 

1.5.1 Biochar loading capacity 
Terra Preta soils have been shown to contain about 50 t C ha-1 in the form of 
BC, down to a depth of approximately 1 meter (approximately double the 
amount relative to pre-existing soil), and these soils are highly fertile when 
compared to the surrounding soils. This has lead to the idea of biochar being 
applied to soil to sequester carbon and maintain or improve the soil 
production function (e.g. crop yields), as well as the regulation function and 
habitat function of soils. Controlled experiments have been undertaken to look 
at the effects of different application rates of biochar to soils.  
At present, however, it is not clear whether there is a maximum amount of C, 
in the form of biochar, which can be safely added to soils without 
compromising other soil functions or the wider environment; that is, what is 
the ‘biochar loading capacity’ (BLC) of a given soil? It will be important to 
determine if the BLC varies between soil types and whether it is influenced by 
the crop type grown on the soil. In order to maximise the amount of biochar 
which can be stored in soils without impacting negatively on other soil 
functions, the biochar loading capacity of different soils exposed to different 
environmental and climatic conditions specific to the site will have to be 
quantified for different types of biochar. 
The organic matter fractions of some soils in Europe have been reported to 
consist of approximately 14% (up to 45%) BC or charcoal (see Section 1.4), 
which are both analogues of biochar as previously discussed. Lehmann and 
Rondon (2005) reported that at loadings up to 140 t C ha-1 (in a weathered 
tropical soil) positive yield effects still occurred. However, it should be noted 
that some experiments report that some crops experience a loss of the 
positive effects of biochar addition to soil at a much lower application rate. For 
example, Rondon et al. (2007) reported that the beans (Phaseolus vulgaris L.) 
showed positive yield effects on biochar application rates up to 50 t C ha-1 that 
disappeared at an application rate of 60 t C ha-1 with a negative effect on yield 
being reported at application rates of 150 t C ha-1. This shows that the BLC is 
likely to be crop dependent as well as probably both soil and climate 
dependent. Combined with the irreversibility of biochar application to soil, this 
highlights the complex nature of calculating a soil’s BLC as future croppings 
should be taken into account to ensure that future crop productivity is not 
compromised if the crop type for a given field is changed. Apart from effects 
on plant productivity, it can be imagined that other effects, on for example soil 
biology or transport of fine particles to ground and surface water, should be 
taken into account when ‘calculating’ or deriving the BLC for a specific site. 
Also, the BLC concept would need to be developed for both total (final) 
amount and the rate of application, i.e. the increase in the total amount over 
time. The rate of application would need to consist of a long term rate (i.e. t 
ha-1 yr-1 over 10 or 100 years) as well as a ‘per application’ rate, both 
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determined by evidence of direct and indirect effects on soil and the wider 
environment. 
Another consideration regarding the biochar loading capacity of a soil is the 
risk of smouldering combustion. Organic soils that dry out sufficiently are 
capable of supporting below ground smouldering combustion that can 
continue for long time periods (years in some cases). It is feasible that soils 
which experience very high to extreme loading rates of biochar and are 
subject to sufficiently dry conditions could support smouldering fires. Ignition 
of such fires could occur both naturally, e.g. by lightening strike, or 
anthropogenically. What the biochar content threshold would be, how the 
threshold would change according to environmental conditions, and how 
much a risk this would be in non-arid soils remains unclear, but is certainly 
worthy of thought and future investigation. 

1.5.2 Other greenhouse gasses 
Carbon dioxide is not the only gas emitted from soil with the potential to 
influence the climate. Methane (CH4) production also occurs as a part of the 
carbon cycle. It is produced by the soil microbiota under anaerobic conditions 
through a process known as methanogenesis and is approximately 21 times 
more potent as a greenhouse gas than CO2 over a time horizon of 100 years. 
Nitrous oxide (N2O) is produced as a part of the nitrogen (N) cycle through 
process known as nitrification and denitrification which are carried out by the 
soil microbiota. Nitrous oxide is 310 times more potent as a greenhouse gas 
than CO2over a time horizon of 100 years (U.S. Environmental Protection 
Agency, 2002). 
Whilst these gases are more potent greenhouse gases than CO2, only 
approximately 8% of emitted greenhouse gases are CH4 and only 5% are 
N2O, with CO2 making up approximately 83% of the total greenhouse gases 
emitted. Eighty percent of N20 and 50% of CH4 emitted are produced by soil 
processes in managed ecosystems (US Environmental Protection Agency, 
2002). It should be noted that these figures detail total proportions of each 
greenhouse gas and are not weighted to account for climatic forcing. 
In one study, biochar addition to soils has been shown to reduce the emission 
of both CH4 and N2O. Rondon et al. (2005) reported that a near complete 
suppression of methane upon biochar addition at an application rate of 2% w 
w-1 to soil. It was hypothesised that the mechanism leading to reduced 
emission of CH4 is increased soil aeration leading to a reduction in frequency 
and extent of anaerobic conditions under which methanogenesis occurs. 
Pandolfo et al. (1994) investigated CH4 adsorption capacity of several 
activated carbons (from coconut feedstock) in a series of laboratory 
experiments. Their results showed increased CH4 ‘adsoprtion’ with increase 
surface area of the activated carbon, particularly for micropores (<2µm). 
These charcoal materials were activated using steam or KOH, however, and it 
remains to be tested how different biochar materials added to soils in the field 
will interact with methane dynamics. The influence of biochar on SOM 
dynamics are discussed later in this report (Section 3.2.5). 
A reduction in N2O emissions of 50% in soybean plantations and 80% in 
grass stands was also reported (Rondon et al. 2005). The authors 
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hypothesised that the mechanism leading to this reduction in N2O emissions 
was due to slower N cycling, possibly as a result of an increase in the C:N 
ratio. It is also possible that the N that exists within the biochar is not 
bioavailable when introduced to the soil as it is bound up in heterocyclic form 
(Camps, 2009; Personal communication). Yanai et al. (2007) measured N2O 
emissions from soils after rewetting in the laboratory and found variable 
results, i.e. an 89% suppression of N2O emissions at 73-78% water-filled pore 
space contrasting to a 51% increase at 83% water-filled pore space. These 
results indicate that the effect of biochar additions to soils on the N cycle 
depend greatly on the associated changes in soil hydrology and that 
thresholds of water content effects on N20 production may be very important 
and would have to be studied for a variety of soil-biochar-climate conditions. 
Furthermore, if biochar addition to soil does slow the N-cycle, this could have 
possible consequences on soil fertility in the long term. This is because nitrate 
production in the soil may be slowed beyond the point of plant uptake, 
meaning that nitrogen availability, often the limiting factor for plant growth in 
soils, may be reduced leading to concurrent reduction in crop productivity. 
Yanai et al. (2007) reported that this effect did change over time, but their 
experiment only ran for 5 days and so extrapolation of the results to the time 
scales at which biochar is likely to persist in soil is not possible. Further 
research is therefore needed to better elucidate the effects and allow 
extrapolation to the necessary time scales. 

1.6 Pyrolysis 
Pyrolysis is the chemical decomposition of an organic substance by heating in 
the absence of oxygen. The word is derived from Greek word ‘pyro’ meaning 
fire and “lysis” meaning decomposition or breaking down into constituent 
parts. In practice it is not possible to create a completely oxygen free 
environment and as such a small amount of oxidation will always occur. 
However, the degree of oxidation of the organic matter is relatively small 
when compared to combustion where almost complete oxidation of organic 
matter occurs, and as such a substantially larger proportion of the carbon in 
the feedstock remains and is not given off as CO2. However, with pyrolysis 
much of the C from the feedstock is still not recovered in charcoal form, but 
converted to either gas or oil. 
Pyrolysis occurs spontaneously at high temperatures (generally above 
approximately 300°C for wood, with the specific temperature varying with 
material). It occurs in nature when vegetation is exposed to wildfires or comes 
into contact with lava from volcanic eruptions. At its most extreme, pyrolysis 
leaves only carbon as the residue and is called carbonization. The high 
temperatures used in pyrolysis can induce polymerisation of the molecules 
within the feedstocks, whereby larger molecules are also produced (including 
both aromatic and aliphatic compounds), as well as the thermal 
decomposition of some components of the feedstocks into smaller molecules. 
This is discussed in more detail in Section 3.2.5.1. 
The process of pyrolysis transforms organic materials into three different 
components, being gas, liquid or solid in different proportions depending upon 
both the feedstock and the pyrolysis conditions used. Gases which are 
produced are flammable, including methane and other hydrocarbons which 
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can be cooled whereby they condense and form an oil/tar residue which 
generally contains small amounts of water. The gasses (either condenses or 
in gaseous form) and liquids can be upgraded and used as a fuel for 
combustion. 
The remaining solid component after pyrolysis is charcoal, referred to as 
biochar when it is produced with the intention of adding it to soil to improve it 
(see List of Key terms). The physical and chemical properties of biochar are 
discussed in more detail in Chapter 2. 
 
The process of pyrolysis has been adopted by the chemical industry for the 
production of a range of compounds including charcoal, activated carbon, 
methanol and syngas, to turn coal into coke as well as producing other 
chemicals from wood. It is also used for the breaking down, or ‘cracking’ of 
medium-weight hydrocarbons from oil to produce lighter hydrocarbons such 
as petrol. 
A range of compounds in the natural environment are produced by both 
anthropogenic and non-anthropogenic pyrolysis. These include compounds 
released from the incomplete burning of petrol and diesel in internal 
combustion engines, through to particles produced from wood burned in forest 
fires, for example. These substances are generally referred to as black carbon 
(see List of Key terms) in the scientific literature and exist in various forms 
ranging form small particulate matter found in the atmosphere, through to a 
range of sizes found in soils and sediments where it makes up a significant 
part of the organic matter (Schmidt et al., 1999; Skjemstad et al., 2002; 
Preston et al., 2006; Hussain et al. 2008). 

1.6.1 The History of Pyrolysis  
While it is possible that pyrolysis was first used to make charcoal over 7,000 
years ago for the smelting of copper, or even 30,000 years ago for the 
charcoal drawings of the Chauvet cave (Antal, 2003), the first definitive 
evidence of pyrolysis for charcoal production comes from over 5,500 years 
ago in Southern Europe and the Middle East. By 4,000 years ago, the start of 
the Bronze Age, pyrolysis use for the production of charcoal must have been 
widespread. This is because only burning charcoal allowed the necessary 
temperatures to be reached to smelt tin with copper and so produce bronze 
(Earl, 1995). 
A range of compounds can be found in the natural environment that is 
produced by both anthropogenic and non-anthropogenic pyrolysis. These 
include compounds released from the incomplete burning of petrol and diesel 
in internal combustion engines, through to being produced from wood in forest 
fires for example.  

1.6.2 Methods of Pyrolysis 
Although the basic process of pyrolysis, that of heating a C-containing 
feedstock in an limited oxygen environment, is always the same, different 
methodologies exist, each with different outputs. 
Apart from the feedstocks used, which are discussed further is Section 1.7, 
the main variables that are often manipulated are pyrolysis temperature, and 
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the residence time of the feedstock in the pyrolysis unit. Temperature itself 
can have a large effect on the relative proportions of end product from a 
feedstock (Fig. 1.9). 
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Figure 1.8 A graph showing the relative proportions of end products after fast pyrolysis of aspen 
poplar at a range of temperatures (adapted from IEA, 2007) 

Residence times of both the solid constituents and the hot vapor produced 
under pyrolysis conditions can also have a large effect on the relative 
proportions of each end product of pyrolysis (Table 1.1). In the nomenclature, 
four different types of pyrolysis are generally referred to, with the difference 
between each being dependent on temperature and residence time of solid or 
vapour in the pyrolysis unit, or a combination of both. The four different types 
of pyrolysis are fast, intermediate and slow pyrolysis (with slow pyrolysis often 
referred to as “carbonisation” due to the relatively high proportion of 
carbonaceous material it produces: biochar) along with gasification (due to the 
high proportion of syngas produced). 
 
Table 1.1 shows that different pyrolysis conditions lead to different proportions 
of each end product (liquid, char or gas). This means that specific pyrolysis 
conditions can be tailored to each desired outcome. For example, the IEA 
report (2007) stated that fast pyrolysis was of particular interest as liquids can 
be stored and transported more easily and at lower cost than solid or gaseous 
biomass forms. However, with regard to the use of biochar as a soil 
amendment and for climate change mitigation it is clear that slow pyrolysis, 
would be preferable, as this maximises the yield of char, the most stable of 
the pyrolysis end products. 
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Table 1.1 The mean post-pyrolysis feedstock residues resulting from different temperatures and 
residence times (adapted from IEA, 2007) 

Mode Conditions Liquid Biochar Syngas 

Fast pyrolysis Moderate temperature, ~500°C, short hot 
vapour residence time of ~ 1 s  75% 12% 13% 

Intermediate 
Pyrolysis 

Moderate temperature ~500°C, moderate 
hot vapour residence time of 10 – 20 s 50% 20% 30% 

Slow Pyrolysis 
(Carbonisation) 

Low temperature ~400°C, 
very long solids residence time 30% 35% 35% 

Gasification High temperature ~800°C, 
long vapour residence time 5% 10% 85% 

 
Owing to the fact that end products such as flammable gas can be recycled 
into the pyrolysis unit and so provide energy for subsequent pyrolysis cycles, 
costs, both in terms of fuel costs, and of carbon emission costs, can be 
minimised. Furthermore, the pyrolysis reaction itself becomes exothermic 
after a threshold is passed, thereby reducing the required energy input to 
maintain the reaction. However, it is important to note that other external costs 
are associated with pyrolysis, most of which will be discussed in Section 2.4. 
For example, fast pyrolysis requires that the feedstock is dried to less than 
10% water (w w-1). This is done so that the bio-oil is not contaminated with 
water. The feedstock then needs to be ground to a particle size of ca. 2 mm to 
ensure that there is sufficient surface area to ensure rapid reaction under 
pyrolysis conditions (IEA, 2007). The grinding of the feedstock, and in some 
cases also the drying require energy input and will increase costs, as well as 
of the carbon footprint of biochar production if the required energy is not 
produced by carbon neutral sources. 
As well as different pyrolysis conditions, the scale at which pyrolysis is 
undertaken can also vary greatly. The two different scales discussed 
throughout this report are that of ‘Closed’ vs ‘Open’ scenarios. Closed refers 
to the scenario in which relatively small, possibly even mobile, pyrolysis units 
are used on each farm site, with crop residues and other bio-wastes being 
pyrolysed on site and added back to the same farm’s soils. Open refers to 
biowastes being accumulated and pyrolysed off-site at industrial scale 
pyrolysis plants, before the biochar is redistributed back to farms for 
application to soil. The scales at which these scenarios function are very 
different, and each brings its own advantages and disadvantages. 

1.7 Feedstocks 
Feedstock is the term conventionally used for the type of biomass that is 
pyrolysed and turned into biochar. In principle, any organic feedstock can be 
pyrolysed, although the yield of solid residue (char) respective to liquid and 
gas yield varies greatly (see Section 1.6.2) along with physico-chemical 
properties of the resulting biochar (see Chapter 2). 
Feedstock is, along with pyrolysis conditions, the most important factor 
controlling the properties of the resulting biochar. Firstly, the chemical and 

 45



 

structural composition of the biomass feedstock relates to the chemical and 
structural composition of the resulting biochar and, therefore, is reflected in its 
behaviour, function and fate in soils. Secondly, the extent of the physical and 
chemical alterations undergone by the biomass during pyrolysis (e.g. attrition, 
cracking, microstructural rearrangements) are dependent on the processing 
conditions (mainly temperature and residence times). Table 1.2 provides a 
summary of some of the key components in representative biochar 
feedstocks. 

Table 1.2   Summary of key components (by weight) in biochar feedstocks (adapted from Brown 
et al., 2009) 

  Ash  Lignin 

(w w-1)  

Cellulose  

Wheat straw 11.2 14 38 

Maize residue 2.8-6.8 15 39 

Switchgrass 6 18 32 

Wood (poplar, 
willow, oak) 

0.27 - 1 26 - 30 38 - 45 

 
Cellulose and ligning undergo thermal degradation at temperatures ranging 
between 240-350ºC and 280-500ºC, respectively (Sjöström, 1993; Demirbas, 
2004). The relative proportion of each component will, therefore, determine 
the extent to which the biomass structure is retained during pyrolysis, at any 
given temperature. For example, pyrolysis of wood-based feedstocks 
generates coarser and more resistant biochars with carbon contents of up to 
80%, as the rigid ligninolytic nature of the source material is retained in the 
biochar residue (Winsley, 2007). Biomass with high lignin contents (e.g. olive 
husks) have shown to produce some of the highest biochar yields, given the 
stability of lignin to thermal degradation, as demonstrated by Demirbas 
(2004). Therefore, for comparable temperatures and residence times, lignin 
loss is tipically less than half of cellulose loss (Demirbas, 2004).  
Whereas woody feedstock generally contains low proportions (< 1% by 
weight) of ash, biomass with high mineral contents such as grass, grain husks 
and straw residues generally produce ash-rich biochar (Demirbas 2004). 
These latter feedstocks may contain ash up to 24% or even 41% by weight, 
such as rice husk (Amonette and Joseph, 2009) and rice hulls (Antal and 
Grønly, 2003), respectively. The mineral content of the feedstock is largely 
retained in the resulting biochar, where it concentrates due to the gradual loss 
of C, hydrogen (H) and oxygen (O) during processing (Demirbas 2004). The 
mineral ash content of the feedstock can vary widely and evidence seems to 
suggest a relationship between that and biochar yield (Amonette and Joseph, 
2009). Table 1.3 provides an example of the elemental composition of 
representative feedstocks.  
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Table 1.3   Examples of the proportions of nutrients (g kg-1) in feedstocks (adapted from Chan 
and Xu, 2009) 

  Ca Mg 

             (g kg-1) 

K P 

Wheat straw 7.70 4.30 2.90 0.21 

Maize cob 0.18 1.70 9.40 0.45 

Maize stalk 4.70 5.90 0.03 2.10 

Olive kernel 97.0 20.0 - - 

Forest residue 130 19.0 - - 

 
In the plant, Ca occurs mainly within cell walls, where it is bound to organic 
acids, while Mg and P are bound to complex organic compounds within the 
cell (Marschner, 1995). Potassium is the most abundant cation in higher 
plants and is involved in plant nutrition, growth and osmoregulation 
(Schachtman and Schroeder, 1994). Nitrogen, Mn and Fe also occur 
associated to a number of organic and inorganic forms. During thermal 
degradation of the biomass, potassium (K), chlorine (Cl) and N vaporize at 
relatively low temperatures, while calcium (Ca), magnesium (Mg), phosphorus 
(P) and sulphur (S), due to increased stability, vaporise at temperatures that 
are considerably higher (Amonette and Joseph, 2009). Other relevant 
minerals can occur in the biomass, such as silicon (Si), which occurs in the 
cell walls, mostly in the form of silica (SiO2). 
Many different materials have been proposed as biomass feedstocks for 
biochar, including wood, grain husks, nut shells, manure and crop residues, 
while those with the highest carbon contents (e.g. wood, nut shells), 
abundancy and lower associated costs are currently used for the production 
of activated carbon (e.g. Lua et al., 2004; Martinez et al., 2006; Gonzaléz et 
al., 2009;). Other feedstocks are potentially available for biochar production, 
among which biowaste (e.g. sewage sludge, municipal waste, chicken litter) 
and compost. Nevertheless, a risk is associated to the use of such source 
materials, mostly linked to the occurrence of hazardous components (e.g. 
organic pollutants, heavy metals). Crystalline silica has also been found to 
occur in some biochars. Rice husk and rice straw contain unusually high 
levels of silica (220 and 170 g kg-1) compared to that in other major crops. 
High concentrations of calcium carbonate (CaCO3) can be found in pulp and 
paper sludge (van Zwieten et al., 2007) and are retained in the ash fraction of 
some biochars.  
Regarding the characteristics of some plant feedstocks, Collison et al. (2009) 
go further, suggesting that even within a biomass feedstock type, different 
composition may arise from distinct growing environmental conditions (e.g. 
soil type, temperature and moisture content) and those relating to the time of 
harvest. In corroboration, Wingate et al. (2009) have shown that the adsorbing 
properties of a charcoal for copper ions can be improved 3-fold by carefully 
selecting the growth conditions of the plant biomass (in this case, stinging 
nettles). Even within the same plant material, compositional heterogeneity has 
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also been found to occur among different parts of the same plant (e.g. maize 
cob and maize stalk, Table 1.3).  
Lignocellulosic biomass is an obvious feedstock choice because it is one of 
the most abundant naturally occurring available materials (Amonette and 
Joseph, 2009). The spatio-temporal occurrence of biomass feedstock will 
influence the availability of specific biochars and its economic value (e.g. 
distance from source to field). For example, in an area with predominantly root 
crops on calcareous sandy arable soils and a dry climate, biochars that 
provide more water retention and are mechanically strong (e.g. woody 
feedstocks) are likely to be substantially more valuable than in an area of 
predominantly combinable crops on acidic sandy soils and a ‘year round’ wet 
climate. In the latter case, biochars with a greater CEC, liming capacity and 
possibly a lower mechanical strength (e.g. crop residue feedstock) may be 
more in demand. 
In Terra Pretas potential feedstocks were limited to wood from the trees and 
organic matter from other vegetation. Nowadays any biomass material, 
including waste, is considered as a feedstock for biochar production. 
Considering that historical sites contain either biochar (Terra Preta) or BC 
(from wildfires), chronosequence studies can only give us information about 
the long term consequences and dynamics of those limited natural 
feedstocks. This implies an important methodological challenge for the study 
of the long term dynamics of soils with biochar produced from feedstocks 
other than natural vegetation. Even for trees and plants, careful consideration 
needs to be given to specific species that bioaccumulate certain metals, or, in 
the case of crop residues, that may contain relevant concentrations of 
herbicides, pesticides, fungicides, and in the case of animal manures that may 
contain antibiotics or their secondary metabolites. See Section 5.1.5 for a 
more detailed discussion on the (potential) occurrence of contaminants within 
biochar.  
In addition, chronosequence studies using historic sites are often poor 
predictors of structural disintegration and concomitant chemical reactivity and 
mobility of biochars, because they are either not in arable land use, or have 
not been subject to the intense physical disturbance of modern arable tillage 
and cultivation (e.g. the power harrow). 
A detailed description of all biochar feedstocks is beyond the scope of this 
report and feedstocks have been reviewed in other works (Collison et al., 
2009; Lehmann and Joseph, 2009). The key point is that the suitability of 
each biomass type as a potential source for biochar, is dependent on a 
number of chemical, physical, environmental, as well as economic and 
logistical factors (Collison et al., 2009), as discussed, where appropriate, 
throughout this report. It is important to stress, however, that for any material 
to be considered as a feedstock for biochar production, and therefore also for 
application to soil, a rigorous procedure needs to be developed in order to 
assess the biochar characteristics and long term dynamics in the range of 
soil, other environmental conditions, and land use and management factors 
that are considered for its application. 
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1.8 Application Strategies 
Biochar application strategies have been studied very little, although the way 
biochar is applied to soils can have a substantial impact on soil processes and 
functioning, including aspects of the behaviour and fate of biochar particles in 
soil and the wider environment (Chapter 3) as well as on ‘threats to soil’ 
(Chapter 4), occupational health and safety (5.2), and economic 
considerations (Section 5.4). Broadly speaking there are three main 
approaches: i) topsoil incorporation, ii) depth application, and iii) top-dressing. 
 
For topsoil incorporation biochar can be applied on its own or combined with 
composts or manures. The degree of mixing will depend on the cultivation 
techniques used. In conventional tillage systems the biochar (and 
compost/manure/slurry) will generally be mixed more or less homogeneously 
throughout the topsoil (in most arable soils from 0-15/30 cm depth). Water 
and wind erosion will remove biochar along with other soil material, i.e. that 
would erode without biochar additions as well, and possibly more biochar will 
be eroded from the surface because of its low density. Potentially, the 
application of biochar combined with compost or manure would reduce this 
risk, but studies evidencing this are lacking. In conservation tillage systems 
the incorporation depth will be reduced (leading to greater biochar 
concentrations at equal application rates) and possibly a concentration 
gradient decreasing with depth. In no-till systems any incorporation would be 
through natural processes (see top-dressing below). Deep mouldboard 
ploughing effectively results in (temporary) ‘depth application’ (see below), 
with more topsoil homogenisation occurring during subsequent ploughing. 
 
Depth application of biochar has been described mostly as ‘deep-banded’ 
application (e.g. Blackwell et al., 2007). The placement of the biochar directly 
into the rhizosphere is thought to be more beneficial for crop growth and less 
susceptible to erosion. The application can be either by pneumatic systems, 
which can operate at high rates, or by applying the biochar in furrows or 
trenches and subsequently levelling the soil surface. Deep mouldboard 
ploughing essentially results in temporary ‘depth application’, although 
horizontally continuous (unlike the ‘deep-banded’ application). Subsequent 
mouldboard ploughing and cultivation will then further homogenise the biochar 
distribution through the topsoil. 
 
Top-dressing of biochar is the spreading of biochar (dust fraction mostly) to 
the soil surface and relying on natural processes for the incorporation of the 
biochar into the topsoil. This form of application is being considered mainly for 
those situations where mechanical incorporation is not possible, e.g. no-till 
systems, forests, and pastures. An obvious drawback is the risk of erosion by 
water and wind, as well as human health (inhalation) and impacts on other 
ecosystem components (e.g. surface water, leaf surfaces, etc.). It is also 
largely unknown what the rates of incorporation would be for different soil-
climate-land use combinations. 
 
The dust fraction of biochar is an issue for all application strategies during the 
storaging, handling, and applying phases of the biochar (see Sections 2.2.1 
and 5.2 for more detailed information about the properties and implications of 
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biochar’s dust fraction).This aspects needs to be investigated thoroughly 
before implementation. Like any trafficking on soil, there is a risk of (sub)soil 
compaction during biochar application. This may be particularly the case for 
the relatively heavy machinery involved in ‘depth application’. 
 
Both topsoil incorporation and top-dressing can be applied with a range of 
frequencies, i.e. a ‘one-off’ application’, every few years, or every year. For 
specific effects on soil, e.g. nutrient availability (from a feedstock like poultry 
manure) or liming effect, a more frequent application may be more beneficial 
to the soil and/or less detrimental to the environment (nitrate leaching). 
 

1.9 Summary 
As a concept biochar is defined as ‘charcoal (biomass that has been 
pyrolysed in a zero or low oxygen environment) for which, owing to its 
inherent properties, scientific consensus exists that application to soil at a 
specific site is expected to sustainably sequester carbon and concurrently 
improve soil functions (under current and future management), while avoiding 
short- and long-term detrimental effects to the wider environment as well as 
human and animal health'. Inspiration is derived from the anthropogenically 
created Terra Preta soils (Hortic Anthrosols) in Amazonia where charred 
organic material plus other (organic and mineral) materials appear to have 
been added purposefully to soil to increase its agronomic quality. Ancient 
Anthrosols have been found in Europe as well, where organic matter (peat, 
manure, ‘plaggen’) was added to soil, but where charcoal additions appear to 
have been limited or non-existent. Furthermore, charcoal from wildfires 
(pyrogenic black carbon - BC) has been found in many soils around the world, 
including European soils where pyrogenic BC can make up a large proportion 
of total soil organic carbon.  
Biochar can be produced from a wide range of organic feedstocks under 
different pyrolysis conditions and at a range of scales. Many different 
materials have been proposed as biomass feedstocks for biochar. The 
suitability of each biomass type for such an application is dependent on a 
number of chemical, physical, environmental, as well as economic and 
logistical factors. The original feedstock used, combined with the pyrolysis 
conditions will determine the properties, both physical and chemical, of the 
biochar product. It is these differences in physicochemical properties that 
govern the specific interactions which will occur with the endemic soil biota 
upon addition of biochar to soil, and hence how soil dependent ecosystem 
functions and services are affected. The application strategy used to apply 
biochar to soils is an important factor to consider when evaluating the effects 
of biochar on soil properties and processes. Furthermore, the biochar loading 
capacity of soils has not been fully quantified, or even developed 
conceptually. 
 



 

2. PHYSICOCHEMICAL PROPERTIES OF BIOCHAR  
This chapter provides an overview of the physical and chemical properties of 
biochar, as determined mainly by feedstock and the pyrolysis operational 
conditions. The combined heterogeneity of the feedstock and the wide range 
of chemical reactions which occur during processing, give rise to a biochar 
product with a unique set of structural and chemical characteristics (Antal and 
Gronli, 2003; Demirbas, 2004). A primary focus was given to those 
characteristics that are more likely to impact on soil properties and processes 
when biochar is incorporated into soil. The implications of such characteristics 
in the context of the biochar-soil mixture are discussed in Chapter 3. More 
detailed information on a wider range of biochar properties can be found in 
the relevant scientific literature (e.g. Lehmann and Joseph, 2009; and others). 

2.1 Structural and Chemical Composition 
 

2.1.1 Structural composition 
Thermal degradation of cellulose between 250 and 350ºC results in 
considerable mass loss in the form of volatiles, leaving behind a rigid 
amorphous C matrix. As the pyrolysis temperature increases, so thus the 
proportion of aromatic carbon in the biochar, due to the relative increase in 
the loss of volatile matter (initially water, followed by hydrocarbons, tarry 
vapours, H2, CO and CO2), and the conversion of alkyl and O-alkyl C to aryl C 
(Baldock and Smernik, 2002; Demirbas 2004). Around 330ºC, polyaromatic 
graphene sheets begin to grow laterally, at the expense of the amorphous C 
phase, and eventually coalesce. Above 600ºC, carbonization becomes the 
dominant process. Carbonization is marked by the removal of most remaining 
non-C atoms and consequent relative increase of the C content, which can be 
up to 90% (by weight) in biochars from woody feedstocks (Antal and Gronli, 
2003; Demirbas, 2004).  
 

  

Figure 2.1 Putative structure of charcoal (adopted from Bourke et al., 2007). A model of a 
microcristalline graphitic structure is shown on on the left and an aromatic structure containing 
oxygen and carbon free radicals on the right 

 
It is commonly accepted that each biochar particle comprises of two main 
structural fractions: stacked crystalline graphene sheets and randomly 
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ordered amorphous aromatic structures (Figure 2.1). Hydrogen, O, N, P and S 
are found predominantly incorporated within the aromatic rings as 
heteroatoms (Bourke et al., 2007). The presence of heteroatoms is thought to 
be a great contribution to the highly heterogenous surface chemistry and 
reactivity of biochar (see the next section). 
 

2.1.2 Chemical composition and surface chemistry 
Biochar composition is highly heterogeneous, containing both stable and 
labile components (Sohi et al., 2009). Carbon, volatile matter, mineral matter 
(ash) and moisture are generally regarded as its major constituents (Antal and 
Gronli, 2003). Table 2.1 summarizes their relative proportion ranges in 
biochar as commonly found for a variety of source materials and pyrolysis 
conditions (Antal and Gronli, 2003; Brown, 2009).  

Table 2.1 Relative proportion range of the four main components of biochar (weight percentage) 
as commonly found for a variety of source materials and pyrolysis conditions (adapted from 
Brown, 2009; Antal and Gronli, 2003) 

Component Proportion (w w-1) 
Fixed carbon 50-90 
Volatile matter (e.g. tars) 0-40 
Moisture 1-15 
Ash (mineral matter) 0.5-5 

 
The relative proportion of biochar components determines the chemical and 
physical behaviour and function of biochar as a whole (Brown, 2009), which in 
turn determines its suitability for a site specific application, as well as transport 
and fate in the environment (Downie, 2009). For example, coarser and more 
resistant biochars are generated by pyrolysis of wood-based feedstocks 
(Winsley, 2007). In contrast, biochars produced from crop residues (e.g. rye, 
maize), manures and seaweed are generally finer and less robust (lower 
mechanical strength). The latter are also nutrient-rich, and therefore, more 
readily degradable by microbial communities in the environment (Sohi et al., 
2009). The ash content of biochar is dependent on the ash content of the 
biomass feedstock. Grass, grain husks, straw residues and manures 
generally produce biochar with high ash contents, in contrast to that from 
woody feedstocks (Demirbas 2004). For instance, manure (e.g. chicken litter) 
biochars can contain 45% (by weight) as ash (Amonette and Joseph, 2009). 
Moisture is another critical component of biochar (Antal and Gronli, 2003), as 
higher moisture contents increase the costs of biochar production and 
transportation for unit of biochar produced. Keeping the moisture content up 
to 10% (by weight) appears to be desirable (Collison et al., 2009). In order for 
this to be achieved, pre-drying the biomass feedstock may be a necessity, 
which can be a challange in biochar production.  
 
Despite the feasibility of biochar being produced from a wide range of 
feedstocks under different pyrolysis conditions, its high carbon content and 
strongly aromatic structure are constant features (Sohi et al., 2009). 
According to Sohi et al. (2009), these features largely account for its chemical 
stability. Similarly, pH shows little variability between biochars, and is tipically 
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>7. Table 2.2 summarizes total elemental composition (C, N, C:N, P, K, 
available P – Pa - and mineral N) and pH ranges of biochars from a variety of 
feedstocks (wood, green wastes, crop residues, sewage sludge, litter, nut 
shells) and pyrolysis conditions (350-500oC) used in various studies (adapted 
from Brown, 2009). 
 

Table 2.2 Summary of total elemental composition (C, N, C:N, P, K, available P and mineral N) 
and pH ranges and means of biochars from a variety of feedstocks (wood, green wastes, crop 
residues, sewage sludge, litter, nut shells) and pyrolysis conditions (350-500ºC) used in various 
studies (adapted from Chan and Xu, 2009) 

  pH C  
(g kg-1) 

N  
(g kg-1) 

N (NO3
-

+NH4
+) 

(mg kg-1) 

C:N P  
(g kg-1) 

Pa  
(g kg-1) 

K  
(g kg-1) 

Range From 6.2 172 1.7 0.0 7 0.2 0.015 1.0 
 To 9.6 905 78.2 2.0 500 73.0 11.6 58 
Mean  8.1 543 22.3 - 61 23.7 - 24.3 

 
Total carbon content in biochar was found to range between 172 to 905 g kg-

1, although OC often accounts for < 500 g kg-1, as reviewed by Chan and Xu 
(2009) for a variety of source materials. Total N varied between 1.8 and 56.4 
g kg-1, depending on the feedstock (Chan and Xu, 2009). Despite seemingly 
high, biochar total N content may not be necessarily beneficial to crops, since 
N is mostly present in an unavailable form (mineral N contents < 2 mg k-1; 
Chan and Xu, 2009). Nuclear magnetic resonance (NMR) spectroscopy has 
shown that aromatic and heterocyclic N-containing structures in biochar occur 
as a result of biomass heating, converting labile structures into more 
recalcitrant forms (Almendros et al., 2003). C:N (carbon to nitrogen) ratio in 
biochar has been found to vary widely between 7 and 500 Chan and Xu, 
2009), with implications for nutrient retention in soils (see Sections 3.2.3). C:N 
ratio has been commonly used as an indicator of the capacity of organic 
substrates to release inorganic N when incorporated into soils. 
 
Total P and total K in biochar were found to range broadly according to 
feedstock, with values between 2.7 - 480 and 1.0 - 58.0 g kg-1, respectively 
(Chan and Xu, 2009). Interestingly, total ranges of N, P and K in biochar are 
wider than those reported in the literature for typical organic fertilizers. Most 
minerals within the ash fraction of biochar are thought to occur as discrete 
associations independent of the carbon matrix, with the exception of K and Ca 
(Amonette and Joseph, 2009). Typically, each mineral association comprises 
more than one type of mineral. Joseph et al. (2009) emphasize that our 
current understanding of the role of high-mineral ash biochars is yet limited, 
as we face the lack of available data on their long-term effect on soil 
properties. 
 
The complex and heterogeneous chemical composition of biochars is 
extended to its surface chemistry, which in turn explains the way biochar 
interacts with a wide range of organic and inorganic compounds in the 
environment. Breaking and rearrangement of the chemical bounds in the 
biomass during processing results in the formation of numerous functional 
groups (e.g. hydroxyl -OH, amino-NH2, ketone -OR, ester -(C=O)OR, nitro -
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NO2, aldehyde -(C=O)H, carboxyl -(C=O)OH) occurring predominantly on the 
outer surface of the graphene sheets (e.g. Harris, 1997; Harris and Tsang, 
1997) and surfaces of pores (van Zwieten et al., 2009). Some of these groups 
act as electron donors, while others as electron acceptors, resulting on 
coexisting areas which properties can range from acidic to basic and from 
hydrophilic to hydrophobic (Amonette and Joseph 2009). Some functional 
groups also contain other elements, such as N and S, particularly in biochars 
from manures, sewage sludge and rendering wastes. 
 
There is experimental evidence that demonstrates that the composition, 
distribution, relative proportion and reactivity of functional groups within 
biochar are dependent on a variety factors, including the source material and 
the pyrolysis methodology used (Antal and Gronli, 2003). Different processing 
conditions (temperature of 700oC or 450oC) explained differences in N 
contents between three biochars from poultry litter (Lima and Marshall, 2005; 
Chan et al., 2007). As the pyrolysis temperature rises, so does the proportion 
of aromatic carbon in the biochar, while N contents peak at around 300oC 
(Baldock and Smernik, 2002). In contrast, low processing temperatures 
(<500oC) favour the relative accumulation of a large proportion of available K, 
Cl (Yu et al., 2005), Si, Mg, P and S (Bourke et al., 2007; Schnitzer et al., 
2007). Therefore, processing temperatures < 500oC favour nutrient retention 
in biochar (Chan and Xu, 2009) , while being equally advantageous in respect 
to yield (Gaskin et al., 2008). Nevertheless, it is important to stress that 
different permutations of those processing conditions, including temperature, 
may affect differently each source material.  
 
This emphasises the need for a case-by-case assessment of the chemical 
and physical properties of biochar prior to its application into soil. Relating the 
adverse effect of a particular constituent (or its concentration) of biochar to a 
desirable biochar application rate (biochar loading capacity concept; Section 
1.5.1) is difficult, as the exact biochar composition is often not provided in the 
literature. The review of relevant literature has indicated that the full 
knowledge on the composition of biochar as a soil amendment, and the way it 
is influenced by those parameters, as well as the implications for soil 
functioning, is still scarce. Partially, this can be explained by the fact that most 
characterisation work has involved charcoals with high carbon and low ash 
content, as required by the increasingly demanding market for activated 
carbon. Another factor is the wide variety of processing conditions and 
feedstocks available. The Black Carbon Steering Committee has developed 
reference charcoal materials (from chestnut wood and rice grass) under 
standardised pyrolysis conditions, representative of natural samples created 
by forest fires, for comparison of quantification methods for BCs in soils and 
sediments. Nevertherless, the current sparsity of biochar standards is largely 
reflected on the poor understanding of the link between biochar composition 
and its behaviour and function in soil. 
 

2.2 Particle size distribution 
Initially, particle size distribution in biochar is influenced mainly by the nature 
of the biomass feedstock and the pyrolysis conditions (Cetin et al., 2004). 
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Shrinkage and attrition of the organic material occur during processing, 
thereby generating a range of particle sizes of the final product. The intensity 
of such processes is dependent on the pyrolysis technology (Cetin et al., 
2004). The implications of biochar particle size distribution on soils will be 
discussed further throughout Chapter 3.  
 
Particle size distribution in biochar also has implications for determining the 
suitability of each biochar product for a specific application (Downie et al., 
2009), as well as for the choice of the most adequate application method (see 
Section 1.8). In addition, health and safety issues relating to handling, storage 
and transport of biochar are also largely determined by its particle size 
distribution, as discussed in this report in regard to its dust fraction (see 
Sections 2.2.1 and  5.2). 
 
The influence of the type of feedstock on particle size distribution was 
discussed by Sohi et al. (2009), among others. Wood-based feedstocks 
generate biochars that are coarser and predominantly xylemic in nature, 
whereas biochars from crop residues (e.g. rye, or maize) and manures offer a 
finer and more brittle structure (Sohi et al., 2009). Downie et al. (2009) have 
further provided evidence of the influence of feedstock and processing 
conditions on particle size distribution in biochar. Sawdust and woodchips 
under different pre-treatments were pyrolised using continuous slow pyrolysis 
(heating rate of 5-10ºC min-1), after which particle size distribution in the 
resulting biochar was assessed through dry sieving. Generally, particle size 
was found to decrease as the pyrolysis heat treatment temperature increased 
(450ºC-700ºC range) for both feedstocks, due to a reduction of the biomass 
material resistance to attrition during processing (Downie et al., 2009).  
 
The operating conditions during pyrolysis (e.g. heating rate, high treatment 
temperature -HTT, residence time, pressure, flow rate of the inert gas, reactor 
type and shape) and pre- (e.g. drying, chemical activation) and post- (e.g. 
sieving, activation) treatments can greatly affect biochar physical structure 
(Gonzalez et al., 1997; Antal and Grønli, 2003; Cetin et al., 2004; Lua et al., 
2004; Zhang et al., 2004; Brown et al., 2006). Such observations were derived 
mainly from studies involving activated carbon produced from a variety of 
feedstocks, including maize hulls (Zhang et al., 2004), nut shells (Lua et al., 
2004; Gonzaléz et al., 2009) and olive stones (Gonzaléz et al., 2009). 
Similarly, heating rate, residence time and pressure during processing were 
shown to be determinant factors for the generation of finer biochar particles, 
independently of the original material (Cetin et al., 2004). For instance, for 
higher heating rates (e.g. up to 105-500ºC sec-1) and shorter residence times, 
finer feedstock particles (50-2000 µm) are required in order to facilitate heat 
and mass transfer reactions, resulting in finer biochar material (Cetin et al., 
2004). In contrast, slow pyrolysis (heating rates of 5-30ºC min-1) can use 
larger feedstock particles, thereby producing coarser biochars (Downie et al., 
2009). Increasing the proportion of larger biochar particles can also be 
obtained by increasing the pressure (from atmospheric to 5, 10 and 20 bars) 
during processing, which was explained by both particle swelling and 
clustering, as a result of melting (i.e. plastic deformation) followed by fusion 
(Cetin et al., 2004). 
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2.2.1 Biochar dust 
The term ‘dust’ is described in this report as referring to the fine and ultrafine 
fraction of biochar, comprising various organic and inorganic compounds of 
distinct particle sizes within the micro- and nano-size range (Harris and 
Tsang, 1997; Cornelissen et al., 2005). Harris and Tsang (1997) researched 
the micro- and nano-sized fraction of chars, although so far, this issue 
remains poorly understood. Biomass precursor (feedstock) and the pyrolysis 
conditions (Donaldson et al., 2005; Hays and van der Wal, 2007) are likely to 
be primary factors influencing the properties of biochar dust (Downie et al., 
2009), including the type and size of its particles, as well as the proportion of 
micro- and nanoparticles, as discussed previously  
Harris and Tsang (1997) used high resolution electron microscopy (HREM) for 
studying the smaller fraction of charcoal resulting from the pyrolysis (700ºC) of 
sucrose and concluded that charcoal dust consists of round fullerene-like 
nanoparticles (Harris and Tsang, 1997). Brodowski et al. (2005) corroborates 
the finding of porous spherical-shaped particles (with surface texture ranging 
from smooth to rough) within the <2 µm fraction of charcoals in a field-plot 
topsoil (0-10 cm), although no reference to the word “fullerene” was found. 
What is important in this context is that, considering the small size of such 
particles and their reactivity, the proportion of dust within the biochar (which 
may also apply to biochars with high ash contents) has relevant practical, as 
well as health and safety implications (see Section 5.2).  
The proportion of dust in biochar is also key in determining the suitability of a 
given application strategy (Blackwell et al., 2009). For example, Holownicki 
(2000) suggested that this fine fraction could be successfully employed in 
precision agriculture for spraying fungicide preparations in orchards and 
vineyards. When injection is appropriate, Blackwell et al. (2009) pointed out 
that the application of biochar dust may in fact be preferred when used in 
combination with liquid manure in selected crops.  
On the other hand, biochar dust has been identified in the literature as a 
better sorbent for a wide range of trace hydrophobic contaminants (e.g. PAHs, 
polychlorinated biphenyls - PCBs, pesticides, polychlorinated dibenzeno-p-
dioxins and –furans - PCDD/PCDFs), when compared to larger biochar 
particles or to particulate organic matter (Hiller et al., 2007; Bucheli and 
Gustafsson, 2001, 2003). As such, the addition of biochar dust to soils may 
increase the sorption affinity of the soil for common environmental pollutants 
(see Section 3.2.2 for a more detailed discussion on the sorption of 
hydrophobic compounds to biochar), as demonstrated for dioxin sorption in a 
marine system (Persson et al., 2002). 
 

2.3 Pore size distribution and connectivity 
Biomass feedstock and the processing conditions are the main factors 
determining pore size distribution in biochar, and therefore its total surface 
area (Downie et al., 2009). During thermal decomposition of biomass, mass 
loss occurs mostly in the form of organic volatiles, leaving behind voids, which 
form an extensive pore network. This section focuses on pore size distribution 
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in biochar, while biochar density is discussed in the context of the biochar-soil 
mixture in Section 3.1.1. 
 
Biochar pores are classified in this review into three categories (Downie et al., 
2009), according to their internal diameters (ID): macropores (ID >50 nm), 
mesopores (2 nm< ID <50 nm) and micropores (ID <2 nm). These categories 
are orders of magnitude different to the standard categories for pore sizes in 
soil science (see Table 3.1). The elementary porosity and structure of the 
biomass feedstock is retained in the biochar product formed (Downie et al., 
2009). The vascular structure of the original plant material, for example, is 
likely to contribute for the occurrence of macropores in biochar, as 
demonstrated for activated carbon from coal and wood precursors (Wildman 
and Derbyshire, 1991). In contrast, micropores are mainly formed during 
processing of the parent material. While macropores have been were 
identified as a ‘feeder’ to smaller pores (Martinez et al., 2006), micropores 
effectively account for the characteristically large surface area in charcoals 
(Brown, 2009).  
 
Among those operating parameters, HTT is thought to be the most significant 
factor for the resulting pore distribution in charcoals (Lua et al., 2004), as the 
physical changes undergone by the biomass feedstock during processing are 
often temperature-dependent (Antal and Grønli, 2003).  
 
The development of microporosity in biochar, which is linked to an increase in 
structural and organisational order, has been showed to be favoured by 
higher HTT and retention times, as previously demonstrated for activated 
carbon (e.g. Lua et al., 2004). For example, increasing pyrolysis temperature 
from 250 to 500oC enhanced the development of micropores in chars derived 
from pistachio-nut shells, due to increased evolution of volatiles. For 
subsequent increases in temperature (>800oC), a reduction of the overall 
surface area of the char was observed and was attributed to partial melting of 
the char structure (Lua et al., 2004). Similarly, heating rate and pressure 
during processing have also been found to influence the mass transfer of 
volatiles produced at any given temperature range, and are therefore 
regarded as key contributing parameters influencing pore size distribution 
(Antal and Grønli, 2003). For instance, Lua et al. (2004) observed a peak in 
surface area of pistachio-nut shell char at low heating rates (10oC), whereas 
higher heating rates resulted in a decrease in surface area.  
 
It is important to stress, however, that the relative influence of each 
processing parameter on the final microporosity in biochar is determined by 
the type of feedstock, as noted from the above studies (e.g. Cetin et al., 2004; 
Lua et al., 2004; Pastor-Villegas et al., 2006; Gonzaléz et al., 2009). In 
particular, the lignocellulosic composition of the parent material largely 
determines the rate of its thermal decomposition, and therefore, the 
development of porosity (Gonzaléz et al., 2009). In the case of charcoals from 
almond tree pruning, a greater volume of meso and macropores was 
obtained, which was accounted for by the slow decomposition rate of such 
precursor during the initial stages of pyrolysis (Gonzaléz et al., 2009). The 
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opposite was found for almond shell, probably due to its inherently high initial 
thermal decomposition rate (Gonzaléz et al., 2009). 
 

2.4 Thermodynamic stability  
The thermodynamic equilibrium concerning carbonised residues, such as 
biochar, favours the production of CO2. 
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   Equation 1 

The standard enthalpy of formation is represented as ΔH°f.and the degree sign denotes the 
standard conditions (P = 1 bar and T = 25°C)  
 
Equation 1 shows that the oxidation of graphite, being the most 
thermodynamically stable form of carbon, will occur spontaneously as shown 
by the negative energy value (meaning that 393.51 kJ of energy is emitted for 
every mole of CO2 ‘produced’). Since the oxidation of graphite to carbon 
dioxide will occur, allbeit very slowly under normal conditions (Shneour, 
1966), all other forms of carbon which are less thermodynamically stable than 
graphite, will also undergo oxidation to CO2 in the presence of oxygen. The 
speed at which this oxidation occurs depends on a number of factors, such as 
the precise chemical composition, as well as the temperature and moisture 
regime to which the compound is exposed. Furthermore, residence time of 
biochar in soils will also be affected by microbial processes. The recalcitrance 
of biochar in soil is discussed in more depth in Sections 3.2.1 and 3.2.5.1. 

2.5 CEC and pH 
CEC variation in biochars ranges from negligible to around 40 cmolc g-1 and 
has been reported to change following incorporation into soils (Lehmann, 
2007). This may occur by a process of leaching of hydrophobic compounds 
from the biochar (Briggs et al., 2005) or by increasing carboxylation of C via 
abiotic oxidation (Cheng et al. 2006; Liang et al. 2006). Glaser et al. (2001) 
discussed the importance of ageing to obtain the increases in CEC of black 
BC found in the Terra Preta soils of the Amazon. 
Considering the very large heterogeneity of its properties, biochar pH values 
are relatively homogeneous, that is to say they are largely neutral to basic. 
Chan and Xu (2009) reviewed biochar pH values from a wide variety of 
feedstocks and found a mean of pH 8.1 in a total range of pH 6.2 – 9.6. The 
lower end of this range seems to be from green waste and tree bark 
feedstocks, with the higher end from poultry litter feedstocks. 

2.6 Summary 
Biochar is comprised of stable carbon compounds created when biomass is 
heated to temperatures between 300 to 1000°C under low (preferably zero) 
oxygen concentrations. The structural and chemical composition of biochar is 
highly heterogeneous, with the exception of pH, which is tipically > 7. Some 
properties are pervasive throughout all biochars, including the high C content 
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and degree of aromaticity, partially explining the high levels of biochar’s 
inherent recalcitrance. Neverthless, the exact structural and chemical 
composition, including surface chemistry, is dependent on a combination of 
the feedstock type and the pyrolysis conditions (mainly temperature) used. 
These same parameters are key in determining particle size and pore size 
(macro, meso and micropore; distribution in biochar. Biochar's physical and 
chemical characteristics may significantly alter key soil physical properties 
and processes and are, therefore, important to consider prior to its application 
to soil. Furthermore, these will determine the suitability of each biochar for a 
given application, as well as define its behaviour, transport and fate in the 
environment. Dissimilarities in properties between different biochar products 
emphasises the need for a case-by-case evaluation of each biochar product 
prior to its incorporation into soil at a specific site. Further research aiming to 
fully evaluate the extent and implications of biochar particle and pore size 
distribution on soil processes and functioning is essential, as well as its 
influence on biochar mobility and fate (see Section 3.2.1). 
 





 

3. EFFECTS ON SOIL PROPERTIES, PROCESSES 
AND FUNCTIONS 

This chapter discusses the effects of biochars with different characteristics 
(Chapter 2) on soil properties and processes. First, effects on the soil 
properties are discussed, followed by effects on soil physical, chemical and 
biological processes. The agricultural aspect of the production function of soil 
is reviewed in detail (including meta-analyses) 

3.1 Properties 

3.1.1 Soil Structure 
The incorporation of biochar into soil can alter soil physical properties such as 
texture, structure, pore size distribution and density with implications for soil 
aeration, water holding capacity, plant growth and soil workability (Downie et 
al., 2009). Particularly in relation to soil water retention, Sohi et al. (2009) 
propose an analogy between the impact of biochar addition and the observed 
increase in soil water repellency as a result of fire. Rearrangement of 
amphiphilic molecules by heat from a fire, as proposed by Doerr et al. (2000), 
would not affect the soil, but could affect the biochar itself during pyrolysis. In 
addition, the soil hydrology may be affected by partial or total blockage of soil 
pores by the smallest particle size fraction of biochar, thereby decreasing 
water infiltration rates (see Sections 3.1.1 and 3.2.3). In that sense, further 
research aiming to fully evaluate the extent and implications of biochar 
particle size distribution on soil processes and functioning is essential, as well 
as its influence on biochar mobility and fate (see Section 3.2.1).  

3.1.1.1 Soil Density 
Biochar has a bulk density much lower than that of mineral soils and, 
therefore, application of biochar can reduce the overall bulk density of the soil, 
although increases in bulk density are also possible. If 100 t ha-1 of biochar 
with a bulk density of 0.4 g cm-3 is applied to the top 20 cm of a soil with a 
bulk density of 1.3 g cm-3, and the biochar particles do not fill up existing soil 
pore space, then the soil surface in that field will be raised by ca. 2.5 cm with 
an overall bulk density reduction (assuming homogeneous mixing) of 0.1 g 
cm-3 to 1.2 g cm-3. However, if the biochar that is applied has a low 
mechanical strength and disintegrates relatively quickly into small particles 
that fill up existing pore spaces in the soil, then the dry bulk density of the soil 
will increase. 
In agronomy, relatively small differences in soil bulk density can be associated 
with agronomic benefits. Conventionally, i.e. without biochar additions, lower 
bulk density is associated with higher SOM content leading to nutrient release 
and retention (fertiliser saving) and/or lower soil compaction due to better soil 
management (potentially leading to improved seed germination and cost 
savings for tillage and cultivation). Biochar application to soil by itself may 
improve nutrient retention directly (see Section 3.2.2), but nutrient release is 
mostly very small (except for some biochars in the first years, especially in 
ash-rich biochars) and the application of biochar with heavy machinery may 
compact the subsoil, depending on the application method and timing 
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Soil compactibility is closely related to soil bulk density. Soane (1990) 
reviewed the effect of SOM, i.e. not including biochar, on compactibility and 
proposed several mechanisms by which SOM may influence the ability of the 
soil to resist compactive loads: 

1) Binding forces between particles and within aggregates. Many of the 
long-chain molecules present in SOM are very effective in binding 
mineral particles. This is of great importance within aggregates which 
“…are bound by a matrix of humic material and mucilages” (Oades in 
Soane, 1990). 

2) Elasticity. Organic materials show a higher degree of elasticity under 
compression than do mineral particles. The relaxation ratio – R – is 
defined as the ratio of the bulk density of the test material under 
specified stress to the bulk density after the stress has been removed. 
Relaxation effects of materials such as straw are therefore much 
greater than material like slurry or biochar. 

3) Dilution effect. The bulk density of SOM is usually appreciably lower 
than mineral soil. It can however differ greatly, from 0.02 t m-3 for some 
types of peat to 1.4 t m-3 for peat moss, compared to 2.65 t m-3 for 
mineral particles (Ohu et al. in Soane, 1990). 

4) Filament effect. Roots, fungal hyphae and other biological filaments 
have the capacity to bind the soil matrix. 

5) Effect on electrical charge. Solutions/suspensions of organic 
compounds may increase the hydraulic conductivity of clays by 
changing the electrical charge on the clay particles causing them to 
move closer together, flocculate and shrink, resulting in cracks and 
increased secondary – macro - porosity (Soane, 1990). Biochar’s ash 
fraction could cause similar effects. 

6) Effect on friction. An organic coating on particles and organic material 
between particles is likely to increase the friction between particles 
(Beekman in: Soane, 1990). The direct effect of biochar on soil friction 
has not been studied. 

The effect of biochar application on soil compactibility has not been tested 
experimentally yet. From the above mechanisms, however, direct effects of 
biochar are probably mostly related to bullet points 3, 5 and 6 above. The very 
low elasticity of biochar suggests that resilience to compaction, i.e. how 
quickly the soil ‘bounces back’, is unlikely to be increased directly by biochar. 
The resistance to compaction of soil with biochar could potentially be 
enhanced via direct or indirect effects (interaction with SOM dynamics and 
soil hydrology). For example, some studies have shown an increase in 
mycchorizal growth after additons of biochar to soil (see Section 3.2.6) while 
under specific conditions plant productivity has also been shown to increase 
(see Section 3.3). The enhanced development of hyphae and roots will have 
an effect on soil compaction However, experimental research into the 
mechanisms and subsequent modeling work is required before any 
conclusions can be drawn regarding the overall effect of biochar on soil 
compaction. 
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3.1.1.2 Soil pore size distribution 
The incorporation of biochar into soil can alter soil physical properties such as 
texture, structure, pore size distribution and density with implications for soil 
aeration, water holding capacity, plant growth and soil workability. The soil 
pore network can be affected by biochar’s inherent porosity as well as its 
other characteristics, in several ways. Biochar particle size and pore size 
distribution and connectivity, the mechanical strength of the biochar particles, 
and the translocation and interaction of biochar particles in the soil are all 
determining factors that will lead to different outcomes in different soil-climate-
management combinations. As described in the above section, these factors 
can cause the overall porosity of the soil to increase or decrease following 
biochar incorporation into soils.  
 
There is evidence that suggests that biochar application into soil may increase 
the overall net soil surface area (Chan et al., 2007) and consequently, may 
improve soil water retention (Downie et al., 2009; see Section 3.1.2) and soil 
aeration (particularly in fine-textured soils; Kolb, 2007). An increased soil-
specific surface area may also benefit native microbial communities (Section 
3.2.6) and the overall sorption capacity of soils (Section 3.2.2). In addition, soil 
hydrology may be affected by partial or total blockage of soil pores by the 
smallest particle size fraction of biochar, thereby decreasing water infiltration 
rates (see Sections 3.1.1, 3.1.2 and 3.2.3). Nevertheless, experimental 
evidence of such mechanisms is scarce and, therefore, any effects of the pore 
size distribution of biochar on soil properties and functions is still uncertain at 
this stage. Further research aiming to fully evaluate the extent and 
implications of biochar particle size distribution on soil processes and 
functioning is essential, as well as its influence on biochar mobility and fate in 
the environment (see Section 3.2.1).  
 
Table 3.1 shows the classifications of pore sizes in material science and soil 
science. Fundamental differences, i.e. orders of magnitude difference for 
classes with the same names, are obstacles in communicating to any 
audience outside of biochar research and also hinder the communication 
efficiency within interdisciplinary research groups that work on biochar in soils. 
Therefore, it is recommended that existing classifications are modified to 
resolve this confusion. However, in this review we will use the existing 
terminology and the relevant classification will need to be retrieved from the 
context. 
 

Table 3.1 Pore size classes in material science vs. soil science 

 Material science Soil science 
 Pore size (µm) 
Cryptospores na <0.1 
Ultramicropores na 0.1-5 
Micropores <0.002 5-30 
Mesopores 0.002-0.05 30-75 
Macropores >0.05 >75 
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3.1.2 Water and Nutrient Retention 
The addition of biochar to soil will alter both the soil’s chemical and physical 
properties. The net effect on the soil physical properties will depend on the 
interaction of the biochar with the physicochemical characteristics of the soil, 
and other determinant factors such as the climatic conditions prevalent at the 
site, and the management of biochar application.  
Adding biochar affects the regulation and production function of the 
agricultural soil. To what extent biochar is beneficial to agriculture, and the 
dominant mechanisms that determine this, is still under scientific scrutiny. 
Agronomic benefits of biochar are often attributed to improved water and/or 
nutrient retention. However, many of the scientific studies are limited to site-
specific soil conditions, and performed with biochar derived from specific 
feedstocks. Of more concern, and as of yet underexposed, is the stability of 
the structural integrity of the biochar. Especially when biochar is used in 
today’s intensive agriculture with the use of heavy machinery, opposed to the 
smallholder system that led to the formation of Terra Preta. Another concern 
relates to the potential externalities of bringing large quantifies of biochar in 
the environment (see Chapter 5).  
The mechanisms that lead to biochar-provided potential improvements in 
water retention are relatively straightforward. Adding biochar to soil can have 
direct and indirect effects on soil water retention, which can be short or long 
lived. Water retention of soil is determined by the distribution and connectivity 
of pores in the soil-medium, which is largely regulated by soil particle size 
(texture), combined with structural characteristics (aggregation) and SOM 
content.  
The direct effect of biochar application is related to the large inner surface 
area of biochar. Biochars with a range in porous structures will result from 
feedstocks as variable as straw, wood and manure (see Sections 1.7, 2.1 and 
2.3). Kishimoto and Sugiura (1985) estimated the inner surface area of 
charcoal formed between 400 and 1000°C to range from 200 to 400 m2 g-1. 
Van Zwieten et al. (2009) measured the surface area of biochar derived from 
papermill waste with slow pyrolysis at 115 m2 g-1.  
The hypothesised indirect effects of biochar application on water retention of 
soil relate to improved aggregation or structure. Biochar can affect soil 
aggregation due to interactions with SOM, minerals and microorganisms. The 
surface charge characteristics, and their development over time, will 
determine the long term effect on soil aggregation. Aged biochar generally 
has a high CEC, increasing its potential to act as a binding agent of organic 
matter and minerals. Macro-aggregate stability was reported to increase with 
20 to 130% with application rates of coal derived humic acids between 1.5 Mg 
ha-1 and 200 t ha-1 (Mbagwu and Piccolo, 1997). Brodowski et al (2006) found 
indications that BC acted as a binding agent in microaggregates in soils under 
forest, grassland and arable land use in Germany. In-situ enhancement of soil 
aggregation by biochar requires further analysis. 
The mechanical stability and recalcitrance of biochar once incorporated in the 
soil will determine long term effects on water retention and soil structure. This 
is determined by feedstock type and operating conditions as well as the 
prevalent physical-chemical conditions that determine its weathering and the 
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compaction and compression of the biochar material in time. The effect of the 
use of heavy agricultural machinery on compaction of the soil-biochar matrix 
has yet to be studied in detail. Another factor contributing to the uncertainty in 
long-term beneficial effects of biochar application to soil is the potential 
clogging or cementation of soil pores with disintegrated biochar material.  
Glaser et al. (2002b) reported that Anthrosols rich in charcoal with surface 
areas three times higher than those of surrounding soils had an increased 
field capacity of 18%. Tryon (1948) studied the effect of charcoal on the 
percentage of available moisture in soils of different textures. In sandy soil the 
addition of charcoal increased the available moisture by 18% after adding 
45% of biochar by volume, while no changes were observed in loamy soil, 
and in clayey soil the available soil moisture decreased with increasing coal 
additions. This was attributed to hydrophobicity of the charcoal, although 
another factor could simply be that the biochar was replacing clay with a 
higher water retention capacity. Biochar’s high surface area can thus lead to 
increased water retention, although the effect seems to depend on the initial 
texture of the soil. Therefore, improvements of soil water retention by charcoal 
additions may only be expected in coarse-textured soils or soils with large 
amounts of macropores. A draw-back is the large volume of biochar that 
needs to be added to the soil before it leads to increased water retention.  
The capacity of the agricultural soil to store water regulates the time and 
amount water is kept available for crop transpiration. Tseng and Tseng (2006) 
found that activated biochar contained over 95% of micropores with a 
diameter <2 nm. Since the porosity of biochar largely consists of micropores, 
the actual amount of additional plant available water will depend on the 
biochar feedstock and the texture of the soil it is applied to. The agronomic 
water-storage benefit of biochar application will thus dependent on the relative 
modification of the proportion of micro, meso and macro pores in the root 
zone. In sandy soils, the additional volume of water and soluble nutrients 
stored in the biochar micropores may become available as the soil dries and 
the matric potential increases. This may lead to increased plant water 
availability during dry periods.  
The potential co-benefits or negative externalities of the use of biochar in 
irrigated agricultural systems have not been explored in detail. If the water 
holding capacity of the soil increases this may hypothetically reduce the 
irrigation frequency or irrigation volume. However, the potential susceptibility 
of disintegrated biochar particles to cement or clog the soil may also result in 
increased runoff and lower infiltration rates. 
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Figure 3.1 Typical representation of the soil water retention curve as provided by van Genuchten 
(1980) and the hypothesized effect of the addition of biochar to this soil 

 
Figure 3.1 shows a typical representation of the soil water retention curve 
(van Genuchten, 1980) and the hypothesised effect of the addition of biochar 
to this soil. Notice that in this conceptual example most of the water that is 
stored additionally in the soil will not be available for plant water uptake since 
it occurs at tensions superior to the range wherein plant roots are able to take 
up water. In this hypothetical representation this is mainly due to the pore size 
distribution of the biochar which largely consists of very small pores and only 
very little pores in the range relevant for plant water uptake. Although this is a 
hypothetical consideration; it highlights the need for a further understanding of 
the direct and indirect effects of biochar addition on soil water retention, and 
its longevity. 

3.1.2.1 Soil water repellency 
Soil water repellency (SWR), or hydrophobicity, is defined functionally as “the 
reduction of the affinity of soils to water such that they resist wetting for 
periods ranging from a few seconds to hours, days or weeks” (King, 1981). 
SWR is a widespread phenomenon associated with decreased infiltration 
rates, fingered flow infiltration, and increased runoff. In the case of agricultural 
land, fertiliser and biocide (herbicide, pesticide) leaching to the groundwater 
via bypass flow (secondary porosity) can be costly to the farmer and the 
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environment. Most of the literature on soil water repellency focuses the effect 
of the heat wave from a (wild)fire on the hydrophobic properties of the SOM. 
Reorientation of amphiphilic molecules is one of the hypothesised 
mechanisms (Doerr et al., 2000) explaining the water repellent effect, 
although other mechanisms are also hypothesised. In relation to soil water 
retention, Sohi et al. (2009) propose an analogy between the impact of 
biochar addition and the observed increase in soil water repellency as a result 
of fire. Rearrangement of amphiphilic molecules by heat from a fire, as 
proposed by Doerr et al. (2000), would not affect the soil, but could affect the 
biochar itself during pyrolysis. 
Field studies on water repellent properties of biochar or charcoal are absent 
from the scientific literature and very limited even for charcoal produced by 
wildfires. Briggs et al. (2005) measured WR of charcoal particles after a 
wildfire in a pine forest and found very large differences in WR between 
charcoal particles on the surface and in the mineral soil vs. those on the 
border of the litter layer and mineral soil. The water drop penetration time, that 
is the time it takes a droplet of water to infiltrate, was >2 h for the former and 
<10 s for the latter. The authors proposed leaching by organic acids as a 
mechanism explaining the reduction of water repellent properties underneath 
the litter layer. How biochar may influence soil water repellency, directly or 
indirectly, is a topic that still requires a substantial research effort before the 
mechanisms are understood and predictions can be made. A trade off 
appears to exist between the capacity to bind HOCs, like PAHs (see Section 
3.2.2), and the capacity to bind water molecules. 
 

3.1.3 Soil colour, albedo and warming 
From the Anthrosol profile pictures (Figure 1.5) it is obvious that high 
concentrations of biochar in soil darken its colour. Briggs et al. (2005) 
measured changes in dry soil colour from charcoal additions and found the 
Munsell value to decrease from 5.5 to 4.8 at charcoal concentrations of 10 g 
kg-1, and down to 3.6 at 50 g kg-1. Oguntunde et al. (2008) compared the soil 
colour of charcoal sites (i.e. where charcoal used to be produced) with that of 
adjacent soil and found the Munsell value to decrease from 3.1 (± 0.6) to 2.5 
(± 0.4). The degree of darkening is dependent on i) the colour of the soil prior 
to biochar additions (Munsell value 1-9), ii) the colour of the biochar (probably 
Munsell value 0-2), iii) the biochar concentration in the soil, iv) the degree of 
mixing (related to particle size of both the biochar and the soil), v) the surface 
roughness, and vi) the change in water retention at the soil surface that 
accompanies the addition of biochar (moist soil is darker in colour). Wang et 
al. (2005) conducted three years of continuous measurement in a semi-desert 
area in Tibet and showed an exponential relationship between soil moisture 
content (v v-1) and surface albedo. The combined effects of the changes in 
these factors subsequently determine the albedo effect of the soil.  
 
Land surface albedo is an important component of global and regional climate 
change models. However, almost exclusively, the albedo of the vegetation is 
used, not that of soil. Levis et al. (2004) introduced a modification to soil 
albedo into their community climate system model and found this change to 
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be the key for the model output to resemble the botanic evidence for climate-
vegetation interactions in mid-Holocene North Africa. Model simulations with a 
darker soil colour led to an intensified monsoon which brought precipitation 
further north; testifying the importance of changes in soil albedo on climate 
feedbacks. 
 
The principle that biochar application to soils decreases the albedo of bare 
soil and thereby contributes to further warming of the planet is accepted, 
however, if, and where, that would lead to an effect of relevant magnitude is 
much less certain. Bare soil is limited to the winter months on fields growing 
spring crops, or in orchards without ground cover (e.g. olive orchards, 
vineyards). In the former case, the warming effect may be relatively small 
because solar radiation reaching the surface is low in winter months, 
however, many orchards and vineyards are in more southern parts that 
receive a greater solar input and the bare soil conditions persist throughout 
the year. Post et al. (2000) investigated the influence of soil colour and 
moisture content on the albedo of 26 different soils ranging widely in colour 
and texture. They found that wet samples had their albedo reduced by a 
mean of 48% (ranging between 32-58%), and that Munsell colour value is 
linearly related to soil albedo. 
The amount of solar radiation that reaches the soil surface (as affected by sun 
angle and slope and vegetation cover) and the specific heat of soils, largely 
control the rate at which soils warm up in the spring, and thus influence the 
emergence of seedlings. Soil colour and soil moisture content are the main 
factors determining the specific heat of soil. For pure water the specific heat is 
about 4.18 J g-1 K-1; that of dry soil is about 0.8 J g-1 K-1. Therefore, although 
soils high in biochar content are usually dark in colour, if the biochar increases 
the water retention of the soil concomitantly (see Section 3.1.2) then the 
associated extra energy absorption is countered by a high water content, 
which causes the soil to warm up much more slowly (Brady, 1990). This 
implies that biochar with low water retention capacity (e.g. because of water 
repellent properties, see Section 3.1.2.1) will cause the greatest increase in 
soil warming, and that this impact will be greatest where biochar is applied to 
light-coloured soils (high Munsell value) with spring crops (i.e. bare soil in 
spring) or orchards/vineyards. 

3.1.4 CEC and pH 
The cation exchange capacity (CEC) of soils is a measure for how well some 
nutrients (cations) are bound to the soil, and, therefore, available for plants 
uptake and ‘prevented’ from leaching to ground and surface waters. It is at 
negatively charged sites on the reactive surface area of biochar (and clay and 
organic matter) where cations can be electro-statically bound and exchanged. 
Cations compete with each other as well as with water molecules and can be 
excluded when the pore size at the charged site is smaller than their size. 
Cheng et al. (2006) assessed the effects of climatic factors on biochar 
oxidation in natural systems. The CEC of biochar was correlated to the mean 
temperature and the extent of biochar oxidation was related to its external 
surface area, being seven times higher on the external surfaces than in its 
interior (Cheng et al., 2008). It is not known at present how the CEC of 
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biochar will change as the biochar disintegrates by weathering and tillage 
operations, ‘ages’ and moves through the soil. 
Anions are bound very poorly by soils under neutral or basic pH conditions. 
This is one of the reasons why crops need fertilising, as anionic nutrients (e.g. 
phosphates) are leached or flushed from the soil into ground/surface waters 
(eutrophication). Cheng et al. (2007) found biochar to exhibit an anion 
exchange capacity (at pH 3.5) which decreased to zero as it aged in soil (over 
70 years). If biochar can play a role in anion exchange capacity of soils 
remains an unanswered question and a research effort is required into the 
mechanisms to establish under what conditions (e.g. more neutral pH) anions 
may be retained. 
As previously discussed, biochar pH is mostly neutral to basic (see Table 2.2). 
The liming effect has been discussed in the literature as one of the most likely 
mechanisms behind increases in plant productivity after biochar applications, 
and the meta-analysis in this report (Section 3.3) provides supporting 
evidence for that mechanism. Lower pH values in soils (greater acidity) often 
reduce the CEC and thereby the nutrient availability. In addition, for many of 
the tropical soils studied, reduced aluminium toxicity by reducing the acidity is 
proposed as the most likely chemical mechanism behind plant productivity 
increases.  
For the experimental studies used in the meta-analysis on plant productivity 
(see Section 3.3.1) the average pre-amendment soil pH was 5.3 and post-
amendment 6.2, although for poultry litter biochar on acidic soils the change 
was as large as from pH 4.8 to 7.8. Therefore, a scientific consensus on a 
short term liming effect of biochar applied to soil is apparent. This implies that 
biochars with greater liming capacity can provide greater benefit to arable 
soils that require liming, by being applied more frequently at lower application 
rates. Thereby reducing, or potentially cutting, a conventional liming 
operation, and hence providing a clear cost saving. 
 

3.2 Soil Processes 

3.2.1 Environmental behaviour, mobility and fate 
An effective evaluation of biochar stability in the environment is paramount, 
particularly when considering its feasibility as a carbon sequestration tool. A 
sound understanding of the contribution that biochar can make to improve soil 
processes and functioning relies on knowing the extent and implications of the 
changes biochar undergoes in soil over time. Such knowledge remains, 
however, sparse and most experimental evidence has been gathered for 
other forms of black carbon. Energy-dispersive X-ray spectrometry looks 
promising as a tool for providing evidence of such changes in soil (Glaser et 
al., 2000; Brodowski et al., 2005a).  
Current evaluations of the age of black carbon particles from both wildfires 
and anthropogenic activity indicate great stability of (at least) a significant 
component of biochar, ranging from several millennia to hundreds of years 
(e.g. Skjemstad et al., 2001; Lehmann et al., 2009). Such stability has been 
employed as a tool for evaluating, dating and modelling of ancient cropping 
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and management practices (Scott et al., 2000; Ferrio et al., 2006). Yet, 
establishing the mean residence time of biochars in natural systems remains 
a challenge, partly due to their inherent heterogeneity, and partly due to 
different interactions with both the biotic (e.g. microbial communities, flora) 
and abiotic (e.g. clays, humic substances) components of soil (Brodowski et 
al., 2005a, 2006).  
Analysis of biochar-enriched agricultural soil using X-ray spectrometry and 
scanning electron microscopy showed that biochar particles in soil occur 
either as discrete particles or as particles embedded and bound to minerals 
(mainly clay and silt; Brodowski et al., 2005). This corroborates earlier studies 
reporting that most biochar in Amazonian Terra Preta was found in the light 
(<0.2 g cm-3) fraction of soil (Gu et al., 1995), which Hammes and Schmidt 
(2009) refer to as “intrinsically refractory”, while a minor amount occurred 
adsorbed to the surface of mineral particles (Gu et al., 1995). It is also likely 
that a significant portion of biochar occurs in aggregate-occluded organic 
matter in soil (see Section 3.2.5.3). 
Biochar is no longer considered inert, although mechanisms involved in 
biochar degradation in soil not being fully understood (Hammes and Schmidt, 
2009). It has been demonstrated that exposure to strong chemical oxidants 
(e.g. Skjemstad et. al., 1996), including ozone (Kawamoto et al., 2005), and to 
high temperatures (Morterra et al., 1984; Cheng et al., 2006) can cause 
oxidation in charcoal over short periods of time. In natural environments, 
photochemical and microbial breakdown appear to be the primary degradation 
mechanisms (Goldberg, 1985), which can result in alteration of the charcoal’s 
surface chemistry and functional properties (e.g. CEC, nutrient retention; 
Glaser et al., 2002). Such mechanisms have been assessed by a relatively 
small number of short-term experiments involving biochar-enriched soils in the 
presence and absence of added substrates (e.g. Hamer et al., 2004; Cheng et 
al., 2006). Incubation studies appear to indicate that biological decomposition 
is very slow (see Section 3.2.5.1) and might be of minor relevance compared 
to abiotic degradation (see Section 3.2.5.1), particularly when fresh biochars 
are concerned (Cheng et al., 2006).  
Surfaces of fresh biochars are generally hydrophobic and have relatively low 
surface charges (Lehmann et al., 2005). However, over time, biochar 
oxidation in the soil environment due to aging, may reflect in accumulation of 
carboxylic functionalities at the surfaces of biochar particles (Brodowski et al., 
2005), promoting, perhaps, further interactions between biochar and other soil 
components (Cheng et al., 2006), including organic and mineral matter 
(Brodowski et al., 2005), as well as contaminants (Smernik et al., 2006). It is 
reasonable to hypothesize that solubilisation, leaching and translocation of 
biochar within the soil profile and into water systems is also expected to be 
gradually enhanced for longer exposure periods in soil (Cheng et al., 2006). 
Whether the relative importance of microbial decomposition increases over 
time (as biochar particle size decreases) remains largely unknown and 
attempts to determine actual mineralisation rates are still scarce.  
Although biochar characteristics (e.g. particle and pore size distribution, 
surface chemistry, relative proportion of readily available components), as 
well as physical and chemical stabilisation mechanisms may contribute to the 
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long mean residence times of biochar in soil, the relative contribution of each 
factor to short- and long-term biochar loss has been poorly assessed, 
particularly when influenced by environmental conditions. Biochar 
characteristics are largely determined by the feedstock and pyrolysis 
conditions, as previously discussed. For instance, particle size is likely to 
influence the rate of both abiotic and biotic degradation in soil, as 
demonstrated for biochar particles >50 µm in a Kenyan Oxisol (Nguyen et al., 
2008 in Lehmann et al., 2009). Therefore, processes which favour biochar 
fragmentation into smaller particles (e.g. freeze-thaw cycles, rain and wind 
erosion, bioturbation) may not only enhance its degradation rate, but also 
render it more susceptible to transport (reviewed by Hammes and Schmidt, 
2009).  
Processes which may influence biochar fate in soil might be the same as 
those for other natural organic matter (NOM), although little experimental 
evidence on this is still available. If that is the case, a lower clay content and 
an increase in soil temperature and water availability will probably enhance 
biochar degradation and loss, as previously suggested by Sohi et al. (2009). 
For example, mean annual temperature of the site that biochar is applied to 
has shown to be a contributing factor in accelerating biochar oxidation in soil 
(Cheng et al., 2008). One could hypothesize that the same might apply to 
tillage (Sohi et al., 2009) through altering soil aggregate distribution. 
Interestingly, Brodowski et al. (2006) did not find evidence that different 
management practices have an effect on BC contents in Haplic Luvisol topsoil 
(0-30 cm; 13.4±0.2 g kg-1 organic C) from continuous wheat and maize plots. 
Adjacent grassland (0-10 cm; 10.3 g Kg-1 organic C; since 1961) and spruce 
forest (0-7 cm; 41.0 g kg-1 OC; since ca. 1920) topsoil were also sampled 
(Brodowski et al., 2006).  
Sohi et al. (2009) and Collision et al. (2009) proposed that feedstock material 
(including its degree of aromaticity) and cropping patterns (which influences 
nutrient composition in the rhizosphere) are contributing factors in determining 
biochar degradation rates in soil. These authors provided the following 
example: Pyrolysis of wood-based feedstocks generate coarser and more 
resistant biochars explained by the rigid xylemic structure of the parent 
material, whereas biochars produced from crop residues (e.g. rye, maize) and 
manures are generally finer and nutrient-rich, therefore more readily 
degradable by microbial communities (Collison et al., 2009). 
Cheng et al. (2008) have recently assessed the effects of climatic factors 
(mainly temperature) on biochar oxidation in natural systems. The cation 
exchange capacity of biochar was correlated to the mean temperature and the 
extent of biochar oxidation was related to its external surface area, being 
seven times higher on the external surfaces than in its interior (Cheng et al., 
2008). In addition, X-ray photoelectron spectroscopy (Cheng et al., 2006) and 
later, near-edge X-ray absorption fine structure spectroscopy (Lehmann et al., 
2005) have shown that abiotic oxidation occurs mainly in the porous interior of 
biochar, while biotic oxidation is the predominant process on external 
surfaces. This probably means that biotic oxidation may become more 
relevant as particle size decrease as a consequence of biochar weathering, 
although there are doubts on the relative importance of such a process 
(Cheng et al., 2006). Nevertheless, the influence of increasingly warmer 
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climates on biochar degradation rates in natural systems has not been 
resolved yet. 
Translocation of biochar within the soil profile and into water systems may 
also be a relevant process contributing to explain biochar loss in soil 
(Hockaday et al., 2006). Such a translocation via aeolian (e.g. Penner et al., 
1993) and mostly fluvial (e.g. Mannino and Harvey, 2004) long-range 
transport has been previously proposed for other forms of BC, in order to 
explain its occurrence in deep-sea sediments (Masiello and Druffel, 1998), as 
well as in natural riverine (Kim et al., 2004) and estuarine (Mannino and 
Harvey, 2004) water.  
Soil erosion (in a global context) might result in greater amounts of BC being 
redistributed onto neighbouring hill slopes and valley beds (Chaplot et al., 
2005), or enriching marine and river sediments through long-range transport, 
as recently suggested by Rumpel et al. (2006a;b) for tropical sloping land 
under slash and burn agriculture. Partially, this can be explained by the light 
nature (low mass) of biochar (Rumpel et al., 2006a;b), and may be particularly 
relevant for finer biochars or those with higher dust contents. Similarly, this 
might apply predominantly to soils and sites which are more prone to erosion 
(Hammes and Schmidt, 2009).  
Up to now, biochar loss and mobility through the soil profile and into the water 
resources, has been scarcely quantified and translocation mechanisms are 
poorly understood. This is further complicated by the limited amount of long-
term studies and the lack of standardized methods for simulating biochar 
aging and for long-term environmental monitoring (Sohi et al., 2009). Sound 
knowledge at this level will not only enable for a more robust estimate of 
global BC budget to be put forward (through an improved understanding of 
the role of BC as a global environmental carbon sink) but also attenuate 
uncertainties in relation to current estimates of BC environmental fluxes. 
The finest biochar dust fraction, comprising condensed aromatic carbon in the 
form of fullerene-like structures (Harris, 1997), is thought to be the most 
recalcitrant portion of the BC continuum in natural systems (Buzea et al., 
2006). Interactions between this ultrafine fraction and soil organic and mineral 
surfaces has been suggested to contribute to biochar’s inherent recalcitrance 
(Lehmann et al., 2009), although quantifying its relative importance by 
experimental evidence, may render difficult. Free sub-micron BC particles are 
primarily transported to the oceans, where the majority is deposited on coastal 
shelves, while smaller amounts continue on to deep-ocean sediments 
(Masiello and Druffel, 1998; Mannino and Harvey, 2004) with expected 
residence times of thousands of years (Masiello and Druffel, 1998). The 
remaining fraction remains suspended in the atmosphere in the form of 
aerosols (Preston and Schmidt, 2006) and can be transported over long 
distances, eventually reaching the water courses and sediments (Buzea et al., 
2006). 

3.2.2 Sorption of Hydrophobic Organic Compounds (HOCs) 
The sorption of anthropogenic hydrophobic organic compounds (HOC) (e.g. 
PAHs, polychlorinated biphenyl - PCBs, pesticides and herbicides) in soils 
and sediments, is generally described based on two coexisting and 
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simultaneous processes: absorption into natural (amorphous) organic matter 
(NOM) and adsorption onto occurring charcoal materials (Cornelissen et al., 
2005; Koelmans et al., 2006). Comparatively to that of NOM, charcoals 
(including soot) generally hold up to 10-1000 times higher sorption affinities 
towards such compounds (Chiou and Kile, 1998; Bucheli and Gustafsson, 
2000, 2003). It has been estimated that BC can account for as much as 80-
90% of total uptake of trace HOC in soils and sediments (Cornelissen et al., 
2005), and that it applies to a much broader range of chemical species than 
previously thought (Bucheli and Gustafsson, 2003; Cornelissen et al., 2004).  
Biochar application is, therefore, expected to improve the overall sorption 
capacity of soils (Chiou 1998), and consequently, influence toxicity, transport 
and fate of trace contaminants, which may be already present or are to be 
added to soils. Enhanced sorption capacity of a silt loam for diuron (Yang and 
Sheng, 2003) and other anionic (Hiller et al., 2007) and cationic (Sheng et al., 
2005) herbicides has previously been reported following the incorporation of 
biochar ash from crop (wheat and rice) residues. The relative importance of 
these latter studies is justified by the fact that charring of crop residues is a 
widespread agricultural practice (Hiller et al., 2007). Nevertheless, while the 
feasibility for reducing mobility of trace contaminants in soil might be 
beneficial (see Section 4.3), it might also result in their localised accumulation, 
with potentially detrimental effects on local flora and fauna if at some point in 
time the sorbed compounds become available to organisms. Experimental 
evidence is required to verify this.  
Despite that little is still known on the micro-scale processes controlling 
sorption to biochar (Sander and Pignatello, 2005) in soils and sediments, it 
has been suggested that it is mechanistically different from the traditional 
sorption models for NOM, and that it is also a less reversible process 
(Gustafsson et al., 1997; Chiou and Kile, 1998; Jonker et al., 2005). While 
absorption to NOM has little or no concentration dependence, adsorption to 
biochars has been shown to be strongly concentration dependent (e.g. 
Gustafsson et al., 1997; Sander and Pignatello, 2005; Pastor-Villegas et al., 
2006; Wang et al., 2006; Chen et al., 2007), with affinity decreasing for 
increasing solute concentrations (Cornelissen et al., 2004; Wang et al., 2006). 
Several equations have been employed to describe such a behaviour, 
including that of Freundlich (e.g. Cornelissen et al., 2004) and Langmuir (e.g. 
van Noort et al., 2004), although more recent equations based on pore-filling 
models have shown better fits (e.g. Kleineidam et al., 2002).   
Previous studies have convincingly demonstrated that adsorption to charcoals 
is mainly influenced by the structural and chemical properties of the 
contaminant (i.e. molecular weight, hydrophobicity, planarity) (Cornelissen et 
al., 2004, 2005; Zhu and Pignatello, 2005; Zhu et al., 2005; Wang et al., 
2006), as well as pore size distribution, surface area and functionality of the 
charcoal (e.g. Wang et al., 2006; Chen et al., 2007). For example, sorption of 
tri- and tetra-substituted-benzenes (such as trichlorobenzene, trinitrotoluene 
and tetramethilbenzene) to maple wood charcoal (400°C) was sterically 
restricted, when comparing to that of the lower size benzene and toluene (Zhu 
and Pignatello, 2005). Among most classes of common organic compounds, 
biochar has been shown to adsorb PAHs particularly strongly, with desorption 
having been regarded as ‘very slow’ (rate constants for desorption in water of 
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10-7-10-1 h-1, and even lower in sediments) (Jonker et al., 2005). This can be 
explained both by the planarity of the PAH molecule, allowing unrestricted 
access to small pores (Bucheli and Gustafsson, 2003; van Noort et al., 2004), 
and the strong π-π interactions between biochar’s surface and the aromatic 
molecule (e.g. Sander and Pignatello, 2005). ). In fact, experimental evidence 
has recently demonstrated that organic structures in the form of BC (including 
biochar) or NOM, which are equipped with strong aromatic π-donor and -
acceptor components, are capable of strongly adsorbing to other aromatic 
moieties through specific sorptive forces other than hydrophobic interactions 
(Keiluweit and Kleber, 2009). 
Although a large body of evidence is available on the way the characteristics 
of HOC influence sorption to biochars, the contribution of the char’s properties 
to that process has been far less evaluated. It is generally accepted that 
mechanisms leading to an increase in surface area and/or hydrophobicity of 
the char, reflected in an enhanced sorption affinity and capacity towards trace 
contaminants, as demonstrated for other forms of BC (Jonker and Koelmans, 
2002; Noort et al., 2004; Tsui and Roy, 2008). The influence of pyrolysis 
temperatures mostly in the 340-400°C range (James et al., 2005; Zhu et al., 
2005; Tsui and Roy, 2008) and feedstock type (Pastor-Villegas et al., 2006) 
on such a phenomena has been recently evaluated for various wood chars by 
a number of authors. Interestingly, sorption to high-temperature chars appear 
to be exclusively by surface adsorption, while   that to low-temperature chars 
derive from both surface adsorption and (at a smaller scale) absorption to 
residual organic matter (Chun et al., 2004).   
The influence of micropore distribution on sorption to biochars has been 
clearly demonstrated by Wang et al. (2006). Diminished O functionality on the 
edges of biochar’s graphene sheets due to heat treatment (e.g. further 
charring), resulted in enhanced hydrophobicity and affinity for both polar and 
apolar compounds, by reducing competitive adsorption by water molecules 
(Zhu et al., 2005; Wang et al., 2006). The treated char also revealed a 
consistent increase in micropore volume and pore surface area, resulting in 
better accessibility of solute molecules and an increase in sorption sites 
(Wang et al., 2006).  
Once released in the environment, the original adsorption properties of 
biochar may be affected by ‘aging’ due to environmental factors, such as the 
impact of coexisting substances. The presence of organic compounds with 
higher hydrophobicity and/or molecular sizes have shown reduce adsorption 
of lower molecular weight compounds to biochars (e.g. Sander and Pignatello, 
2005; Wang et al., 2006). In the same way, some metallic ions (e.g. Cu2+, 
Ag+) present at environmental relevant concentrations (50 mg L-1) may 
significantly alter surface chemistry and/or pore network structure of the char 
through complexation (Chen et al., 2007).  
Perhaps a more important mechanism to consider, is the influence of 
dissolved NOM, including the humic, fulvic (Pignatello et al., 2006) and lipid 
(Salloum et al., 2002) fractions, on the physical-chemical properties and 
adsorption affinity and capacity of biochars (Kwon and Pignatello, 2005). 
Similar evidence has long been reported for activated carbon (Kilduff and 
Wigton, 1999). “Aging” of maple wood charcoal (400°C) particles in a 
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suspension of Amherst peat soil (18.9% OC)-water has demonstrated that 
NOM reduced affinity of the char for benzene (Kwon and Pignatello, 2005), 
corroborating other research (Cornelissen and Gustafsson, 2005; Pignatello 
et al., 2006). Similar observation over a period of 100 years has been 
reported for pyrene in forest soil enriched with charcoal (Hockaday, 2006). In 
both cases, such a behaviour was explained by mechanisms of pore blockage 
(Kwon and Pignatello, 2005; Pignatello et al., 2006), and by the capacity of 
NOM to compete with (e.g. Cornelissen and Gustafsson, 2005) and displace 
the organic compound from the sorption sites (Hockaday, 2006). A wider 
range of soil characteristics remain to be tested.  
Frequently, contaminated soils contain a mix of organic solvents, PAHs, 
heavy metals and pesticides, adding to the naturally occurring mineral and 
organic matter (Chen et al., 2007). Nevertheless, most studies on organic 
sorption to charred materials have relied on single-solute experiments, 
whereas those using multiple solutes hold more practical relevance (Sander 
and Pignatello, 2006). Competitive sorption can be a significant environmental 
process in enhancing the mobility as well as leaching potential of HOC in 
biochar-enriched soil.  
Most of the evidence of increased sorption to HOC by biochar incorporation 
into soil is indirect (i.e., bulk and biochar or soot sorption is determined 
separately and biochar’s contribution is then proved comparatively to a 
treatment without biochar) and earlier attempts for its direct assessment 
overestimated it (Cornelissen and Gustafsson, 2004). Yet, the potential of 
biochar amendment of soils for enhancing soil sorption capacity and, 
therefore mitigating the toxicity and transport of relevant environmental 
contaminants in soils and sediments appears undeniable. One can suggest 
that such an enhancement of soil sorption capacity may result in long mean 
residence times and accumulation of organic contaminants with potentially 
hazardous health and environmental consequences. At this stage, very little is 
known about the short- and long-term distribution, mobility and bioavailability 
of such contaminants in biochar-enriched soils. 
It is worth underlining that although such a strong adsorptive behaviour 
appears to imply a reduced environmental risk of some chemical species (e.g. 
PAHs), very little data is, in fact, currently available which confirms this. The 
underlying sorption mechanism, including the way it is influenced by a wide 
range of factors inherent to the contaminant, to the char material and to the 
environment, remains far from being fully understood (Fernandes and Brooks, 
2003), and thus it is identified in this report as a priority for research. In this 
context, it is vital to comprehensively assess the environmental risk 
associated to these species in biochar-enriched soils, while re-evaluating both 
the use of generic OC-water distribution coefficients (Jonker et al., 2005) and 
of remediation endpoints (Cornelissen et al., 2005). For instance, remediation 
endpoints (undetectable, non-toxic or environmentally acceptable 
concentrations, as set by regulatory agencies) for common environmental 
contaminants in biochar-enriched soils would need to be assessed based on 
dissolved (bioavailable) concentrations rather than on total concentrations 
(Pointing, 2001; Cornelissen et al., 2005). In order to achieve that, prior 
careful experimental evaluation of the contaminant distribution, mobility and 
availability in the presence of biochar is paramount. 
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3.2.3 Nutrient retention/availability/leaching 
Reduction of nutrient leaching from agriculture is an objective in line with the 
Water Framework Direct (WFD). The WFD promotes an integrated 
management approach to improve the water quality of European water 
bodies. Application of fertilisers has led to increased concentrations of nitrates 
and phosphates in European surface and ground waters. Specific water 
quality targets have been set by the Water Framework Directive with respect 
to nitrates, which are very susceptible to leaching (European Parliament and 
the Council of the European Union, 2000). Improved agricultural management 
practices are increasingly stimulated by the Common Agricultural Policy (cf. 
CAP Health Check).  
Evidence from several laboratory and field studies suggests that the 
application of biochar may lead to decreased nutrient leaching (studies 
particularly focussed on nitrates) and contaminant transport below the root 
zone. Several mechanisms contribute to the decrease in nutrient leaching 
which are related to increased nutrient use efficiency by increased water and 
nutrient retention (residence time in the root zone) and availability, related to 
an increased internal reactive surface area of the soil-biochar matrix, 
decreased water percolation below the root zone related to increased plant 
water use (increased evaporative surface), and increased plant nutrient use 
through enhanced crop growth. Higher retention times also permit a better 
decomposition of organic material and promote the breakdown of 
agrichemicals. Nevertheless, mechanisms such as colloid-facilitated transport 
of contaminants by biochar particles, or preferential flow induced by biochar 
applications, and long term stability of biochar in soil, are potential factors that 
my increase the leaching of nutrients and/or contaminants. 
The magnitude and dynamics resulting from biochar application are time, 
space and process specific. The myriad of interactions within the soil-plant-
atmosphere, and the range of potential feedstock specific effects of biochar 
on these interactions, makes it inherently difficult to formulate generic qualities 
of “biochar”. It also has to be kept in mind that other factors, such as rainfall 
patterns and agricultural management practices, will be more strongly 
determining the loss of nutrients from the root zone.  
The mobility of the water percolating beyond the root zone depends on the 
infiltration capacity, hydraulic conductivity and water retention of the root 
zone, the amount of crop transpiration dependent on the density and 
capability of the root network to extract water, and the prevalent 
meteorological conditions at the site. These factors are largely dependent on 
the proportion and connections between micro, meso and macro pores.  
The partitioning of groundwater recharge, surface-water runoff and 
evapotranspiration is affected by changes in the soil’s water retention 
capacity. In those situations where biochar application improves retention (of 
plant available water) and increases plant transpiration (Lehmann et al., 
2003), percolation below the root zone can be reduced, leading to the 
retention of mobile nutrients susceptible to leaching such as nitrates, or base 
cations at low pH.  
Biochar directly contributes to nutrient adsorption through charge or covalent 
interactions on a high surface area. Major et al. (2002) showed that biochar 
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must be produced at temperatures above 500°C or be activated to results in 
increased surface area of the biochar and thus increased direct sorption of 
nutrients. Glaser et al. (2002) conclude that ‘charcoal may contribute to an 
increase in ion retention of soil and to a decrease in leaching of dissolved OM 
and organic nutrients’ as they found higher nutrient retention and nutrient 
availability after charcoal additions to tropical soil. A possible contributing 
mechanism to increased N retention in soils amended with biochar is the 
stimulation of microbial immobilisation of N and increased nitrates recycling 
due to higher availability of carbon (see Section 3.2.3). Biological N fixation by 
common beans was reported to increase with biochar additions of 50 g kg-1 
soil (Rondon et al., 2007), although soil N uptake decreased by 50%, whereas 
the C:N ratios increased with a factor of two.  
Lehmann et al. (2003) reported on lysimeter experiments which indicated that 
the ratio of uptake to leaching for all nutrients increases with charcoal 
application to the soil. However they also concluded that it could not clearly be 
demonstrated which role charcoal played in the increased retention, although, 
in these experiments, water percolation was not decreased. Therefore, 
nutrients must have been retained on electrostatic adsorption complexes 
created by the charcoal. Similarly, Steiner et al. (2004) attributed decreased 
leaching rates of applied mineral fertiliser N in soils amended with charcoal to 
increased nutrient use efficiency. Nevertheless, the interaction between 
mineral fertiliser and biochar seems critical. Lehmann et al. (2003) found that 
while cumulative leaching of mineral N, K, Ca and Mg in an Amazonian Dark 
Earth was lower compared to a Ferralsol in unfertilised experiments, leaching 
from the ADE exceed that from the Ferralsol in fertiliser experiments.  
If biochar applications lead to improved soil aggregation, this may lead to an 
increase in the soil’s water infiltration capacity. Using measured properties 
such as saturated hydraulic conductivity and total porosity in a modelling 
assessment of the impact of charcoal production, Ayodele et al. (2009) 
showed that infiltration was enhanced and runoff volume reduced. The 
increase in infiltration may be accompanied by improved water retention in the 
root zone in coarse soils. On the other hand, however, since a large 
percentage of the pores in biochar are very small (<2 x 10-3 μm, following 
Tseng and Tseng, 2006), it may also reduce the mobility of water through the 
soil. If the increased infiltration is not off-set by increased retention and 
transpiration, due to factors related to the native soil, and/or if crop nutrient 
uptake is not increased, the net results may be an increased percolation 
below the root zone, especially of soluble and mobile nutrients such as 
nitrates.  
Fine biochar particles resulting from transportation, application, and further 
weathering in the field, may facilitate the colloidal transport of nutrients and 
contaminants (Major et al., 2002).  
Hydrophobicity (see Section 3.2.2) induced by biochar is thought to be most 
significant in the first years after application since ‘fresh’ biochar contains a 
large fraction of hydrophobic groups. The implications of biochar 
hydrophobicity on runoff and unwanted export of nutrients from the field has 
not been investigated in detail. Another potential concern in certain soils is 
preferential flow induced by the incorporation of biochar in the soil matrix, it 
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has been suggested that biochar can alter percolation patterns, residence 
times of soil solution, and affect flow paths (Major et al., 2002). 

3.2.4 Contamination 
Given that the widespread interest in biochar applications to soils continues to 
rise, so does the concern regarding the potential for soil contamination 
associated to some of its components. It is crucial to ensure that soil functions 
and processes as well as water quality are not put at risk as a consequence of 
biochar application to soils, which would carry severe health, environmental 
and socio-economic implications (Collison et al., 2009). Mineral contaminants 
like salts that are often present in some biochars and may be detrimental to 
soil functioning rather than to human and animal health, and have been 
discussed previously. This section is dedicated to contaminants such as 
heavy metals, PAHs and dioxins, which remain major issues of concern with 
regard to potential for soil contamination and health hazards, and yet have 
surprisingly received very little attention.  
The occurrence of these compounds in biochar may derive either from 
contaminated feedstocks or from pyrolysis conditions which favour their 
production. For example, slow pyrolysis at temperatures below 500°C is 
known to favour the accumulation of readily available micronutrients (e.g 
Sulphur) in biochar (Hossain et al., 2007). However, heavy metals, PAHs and 
other species with disinfectant and antibiotic properties (e.g. formaldehydes, 
creosols, xylenols, acroleyn) may also accumulate under such operating 
conditions (Painter, 2001). Full and careful risk assessment for such 
contaminants is urgently required, in order to relate contaminant toxicity to 
biochar type, safe application rates and operating pyrolysis conditions.  
Organic wastes (e.g. biosolids, sewage sludge, tannery wastes) are known to 
generally contain high levels of light and heavy metals, which remain in the 
final biochar product following pyrolysis (Hospido et al., 2005; Chan and Xu, 
2009). Bridle and Pritchard (2004) reported high concentrations of Copper 
(Cu), zinc (Zn), chromium (Cr) and nickel (Ni) in biochar produced from 
sewage sludge. Muralidhar (1982) has long found that Cr, which accounts for 
up to 2% (total dry weight) of tannery wastes, is commonly found in biochar 
produced from this material. On the other hand, relatively low concentrations 
of aluminium (Al), Cr, Ni and molybdenum (Mo) have been recently detected 
in poultry litter, peanut hull and pine chip biochars produced between 400-
500°C, while poultry litter biochar generally contained the highest levels of 
these metals (Gaskin et al., 2008). In contrast, Zn, Cu, Al and Fe were lower 
in the poultry litter biochar compared to that in pine chip and peanut hulls 
biochars, which pattern seem to be reverse to that observed in the feedstock 
materials. Although one could suggest pyrolysis as means of reducing metal 
availability in some feedstocks (such as poultry litter), and be encouraged to 
use biochar (instead of poultry litter) for mitigating some of the concerns 
relating to soil contamination, there is no clear evidence to confirm this 
(Gaskin et al., 2008).      
Metal concentration in the biomass feedstock often determines biochar’s safe 
application rate (McHenry, 2009). Preliminary data seems to suggest that, at 
current ordinary biochar application rates, there is little environmental risk by 
metal species within biochar, which McHenry (2009) describes as similar to 
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that associated to the use of conventional fertilisers. In fact, for contaminants 
such as Zn, mercury (Hg), arsenic (Ar), lead (Pb) and Ni, it is likely that 
significant risk can only be expected from exceedingly high biochar 
application rates (>250 t ha-1) (McHenry, 2009). A wider range of biochars and 
soil types remains to be tested, which would undoubtedly shed more light onto 
the potential for soil and water contamination by metals.    
Secondary chemical reactions during thermal degradation of organic material 
at temperatures exceeding 700°C, is generally associated to the generation of 
heavily condensed and highly carcinogenic and mutagenic PAHs (Ledesma et 
al., 2002; Garcia-Perez, 2008). Nevertheless, little evidence exists that PAHs 
can also be formed within the temperature range of pyrolysis (350-600°C), 
although these appear to carry lower toxicological and environmental 
implications (Garcia-Perez, 2008). Nevertheless, their potential occurrence in 
the soil and water environments via biochar may constitute a serious public 
health issue. Evidence seems to show that biomass feedstock and operation 
conditions are influencing factors determining the amount and type of PAHs 
generated (Pakdel and Roy, 1991), and therefore, there is great need to 
assess the mechanisms, as well as identify specific operational and feedstock 
conditions, which lead to their formation and retention in the final biochar 
product.  
Very little data is available on the occurrence of PAHs in pyrolysis products, 
compared to that from combustion or incineration. Among such studies, 
Fernandes and Brooks (2003), Brown et al. (2006) and Jones (2008) do stand 
out. Pea straw and eucalyptus wood charcoal produced at 450°C for 1 h, 
exhibited low PAHs concentrations (<0.2 µg g-1), although their levels in straw 
(0. 12 µg g-1) were slightly higher than that from the denser feedstock material 
(0.07 µg g-1) (Fernandes et al., 2003). Similarly, Brown et al. (2006) reported 
that PAHs concentrations in several chars produced at temperatures 
exceeding 500°C, ranged between 3-16 µg g-1 (depending on peak treatment 
temperature), compared to that (28 µg g-1) in char from prescribed burn in 
pine forest. The range of producing conditions and feedstock materials 
employed in the latter studies was narrow. In contrast, Jones (2008) studied 
twelve biochar products from a variety of biomass sources and producers, 
with evidence that PAHs levels in biochar were often comparable or even 
lower than those found in some rural urban and urban soils. This finding 
corroborates previous studies (reviewed by Wilcke, 2000), in which topsoil 
concentration ranges of several PAHs were found to increase in the order of 
arable < grassland < forest < urban. For example, at the lower end (arable 
soil), concentration ranges for naphthalene, fluorene, phenanthrene, 
anthracene and pyrene were up to 0.02, 0.05, 0.067, 0.134 µg g-1 
(respectively). At the top end of the concentration range (urban soil), levels of 
those compounds (respectively) were up to 0.269, 0.55, 2.809, 1.40 and 
11.90 µg g-1 (reviewed by Wilcke, 2000). It is important to note, however, that 
the latter data refers to initial concentrations in soil, not taking into account 
interactions with organic and mineral fractions, and most importantly, not 
providing information on the bio-available fraction. 
Recently, however, the mild (supercritical fluid) extraction of pyrogenic PAHs 
from charcoal, coal and different types of soot, including coal soot, showed 
promising results (Jonker et al., 2005). To the best of our knowledge, this 
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study was pioneer in reporting desorption kinetics of pyrogenic PAHs from 
their ‘natural’ carrier under conditions which mimic those in natural 
environments. Such “soot and charcoal-associated PAHs” were found to be 
strongly sorbed to their carrier matrix (e.g. charcoal, soot) by means of 
physical entrapment within the matrix nanopores (so called “occlusion sites”) 
in charcoal and sequestration within the particulate matter. Consequently, it is 
anticipated “very slow desorption” (rate constants of up to 10-7 to 10-6 h-1) of 
these compounds from the carrier in natural environments, which can range 
from several decades to several millennia (Jonker et al., 2005). PAHs sorption 
to charcoals has been reviewed extensively in Section 3.2.2 of this report, 
including the mechanisms leading to increases in their accessibility, such as 
interactions with NOM and coexisting chemical species.  
To the best of our knowledge, there are no toxicological reports involving 
PAHs incorporated in soil due to biochar application, nor have biochar 
application rates have been defined in terms of PAHs accumulation and 
bioavailability, both in soil and water systems. Further research is paramount 
on the behaviour of such contaminants in biochar-enriched natural systems. 
In this context, a re-evaluation of risk assessment procedures for these 
compounds needs to be put in place, which takes into account the influence of 
NOM on their desorption from biochar, transport and bioavailability.  
Dioxins and furans are planar chlorinated aromatic compounds, which are 
predominantly formed at temperatures exceeding 1000°C (Garcia-Perez, 
2008). Although data exists confirming their presence in products from 
combustion reactions, such as incineration of landfill and municipal solid 
wastes (as cited by Garcia-Perez, 2008), no reports were found on their 
content in biochar derived from traditional biomass feedstocks. In contrast, 
char from automobile shredder residues was shown to contain up to 0.542 mg 
kg-1 of dioxins, while their generation and accumulation in the char was 
dependent on the operational conditions (Joung et al., 2007). Scarce 
experimental evidence on dioxin levels in pyrolysis products (biochar in 
particular) in the range of temperatures between 350-600°C, is largely limiting 
towards our knowledge on potential dioxin contamination of soil via biochar. 
More research on this matter is urgently needed. It appears that pyrolysis of 
strongly oxygenated feedstocks under low temperatures (400 and 600°C) do 
not favour the generation of dioxins and dioxin-related compounds. Based on 
the current knowledge, it is likely that such a risk is low for the aforementioned 
biochar production factors, particularly when using low-chlorine and low-metal 
containing feedstocks (Garcia-Perez, 2008). 
At this stage, extrapolating a link between the presence of contaminants on 
biochar and a detrimental effect on human and animal health, particularly in 
regard to bioaccumulation and bioamplification in the food chain, can only be 
hypothesised. One can suggest that potential uptake and toxicity of such 
contaminants is perhaps more prominent in the case of microbial 
communities, sediment-dwelling organisms and filter feeders. In note of the 
application of biochar into soil being an irreversible process, Blackwell et al. 
(2009) emphasised the need for full case-by-case characterisation and risk 
assessment of each biochar product previous to its application to soil, 
accounting not only for heterogeneity among biochars, but also for soil type 
and environmental conditions. There are no current standards for biochar or 
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processing conditions which can provide sound basis for biochar quality 
regulations with regard to the presence of contaminants, thus ensuring soil 
and water protection. Also lacking is a clearly defined set of conditions under 
which biochar and related materials can be applied to soil without licensing 
(Sohi et al., 2009). 
As Collison et al. (2009) noted, the natural occurrence of BC in soils is 
widespread and detrimental effects on environmental quality are generally not 
apparent. However, it is the perspective of an extensive and indiscriminate 
incorporation of biochars into soils, derived from some feedstock materials 
under specific operation conditions, without previous full risk assessment, 
which constitutes the main issue of concern. This is particularly the case for 
small-scale and on-farm pyrolysis units using local biomass resources (e.g. 
forestry and agricultural wastes), which may not hold the necessary 
technological and economic infrastructures to tackle this matter. Also, it is 
likely that these small landholders in rural areas might prefer using low-
temperature pyrolysis, thereby reducing operation costs. Farmers should be 
made aware that sub-optimal pyrolysis operating conditions and certain 
feedstocks may not only reduce the benefits associated to biochar application, 
but also enhance the risk of land and water contamination. 

3.2.5 Soil Organic Matter (SOM) Dynamics 
SOM stabilisation mechanisms for temperate soils have been researched 
comprehensively and reviewed recently (Von Lützow et al, 2006; 2008 2008; 
Kögel-Knabner et al., 2008; Marschner et al., 2008). 
Primary recalcitrance refers to the recalcitrance of the original plant matter, 
while secondary recalcitrance refers to that of its charred product, i.e. 
pyrogenic BC. For biochars from feedstocks that have already undergone 
selective preservation, i.e. any process leading to the relative accumulation of 
recalcitrant molecules, it may be appropriate to consider tertiary recalcitrance. 
Stability of SOM is the result of recalcitrance, organo-mineral interactions, and 
accessibility. Because biochar is OM but also has many properties 
functionally similar to mineral matter, it is necessary to consider the stability of 
biochar in soils as well as the stability of native SOM, or OM that is added 
with, or after, the biochar. 

3.2.5.1 Recalcitrance of biochar in soils 
Studies of charcoal produced by wildfires have shown that abiotic processes 
generally have more impact on the decomposition of charcoal than biotic 
processes, in the short term (Cheng et al 2006; Bruun and Luxhøi. 2008). 
However, abiotic oxidation can only occur on the surface and as such once 
the surface of biochar has been oxidised biotic process are thought to 
become more important. The fact that the soil microbiota is capable of 
oxidising graphitic carbon, which is thermodynamically stable and recalcitrant 
carbon, was first demonstrated by Shneour (1966). This author found that a 
‘substantially higher’ oxidation rate, being at least a 3-fold increase, was found 
in non-sterile soils than in sterilised soils. 
More work regarding recalcitrance has been conducted on BC, specifically 
pyrogenic BC, rather than on biochar per se. Nevertheless, owing to its 
relatively similar physical and chemical composition BC is an acceptable 
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analogue and it is likely that the recalcitrance of biochars will function 
according to similar mechanisms.  
As graphite has been shown to be oxidised by microbial activity, albeit very 
slowly (Shneour 1966), a degree of decomposition of biochars can be 
expected. Contradictory experimental results exist, with both rapid (Bird et al. 
1999) and slow (Shindo 1991) decomposition of biomass-derived BC being 
reported. This difference is likely to be an artefact of the different microbial 
communities to which the BC was exposed. Although precise details 
regarding the turnover of BC in soils remain unknown, and due to the 
complexity of its interaction within the soil system and its biota exact details 
are unlikely to be found, BC has been found to be the oldest fraction of C in 
soil, being older than the most protected C in soil aggregates and organo-
mineral complexes (Pessenda et al., 2001), which are commonly the most 
stable forms of C in soil. This demonstrates that even without knowing the 
precise details of turnover of BC in soil, it at least has highly stable 
components with “decomposition leading to subtle, and possibly important, 
changes in the bio-chemical form of the material rather than to significant 
mass loss” (Lehmann et al 2006). 
It has been noted that the recalcitrance of BC in soils cannot be characterised 
by a single number (Hedges et al., 2000; Von Lützow et al., 2006). This is 
because pyrogenic BC is an amalgamation of heterogeneous compounds 
and, as such, different fractions of it will decompose at different rates under 
different conditions (Hedges et al., 2000). According to Preston & Schmidt 
(2006) the more recalcitrant compounds in pyrogenic BC, created by wildfire 
and therefore of a woody feedstock, can be expected to have a half life in the 
region of thousands of years (possibly between 5 and 7 thousand years) in 
cold and wet environments. However, some fractions of pyrogenic BC which 
may have undergone less thermal alteration (being more analogous to 
biochars which have also undergone less thermal alteration due to low heat 
pyrolysis, a half life in the region of hundreds of years as opposed to 
thousands may be expected (Bird et al., 1999). This agrees with work 
reported by Brunn et al. (2008) who found that the rate of microbial 
mineralisation of charcoal decreases with increasing mineralisation 
temperature (see also Section 1.6). 
Besides physical and chemical stabilization mechanisms, another important 
factor that may affect the residence time of biochar in soils is the phenomenon 
of co-metabolism. This is where biochar decomposition is increased due to 
microbial metabolism of other substrates, which is often increased when SOM 
is ‘unlocked’ from the soil structure due to disturbance (e.g. incorporating 
biochar into the soil via tillage). 

3.2.5.2 Organomineral interactions 
The interactions between SOM and soil minerals have received considerable 
attention in the literature. Von Lützow et al. (2006) concluded that some 
evidence exists for interactions between biochar and soil minerals, leading to 
accumulation in soil, but that the mechanisms responsible are still unknown. 
One potential mechanism is the oxidation of the functional groups at the 
surface of the charcoal, which favours interactions with soil organic and 
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mineral fractions (Lehmann et al., 2005; Glaser et al., 2002). Section 3.2.1 
explores further the interaction between biochar and other soil components. 

3.2.5.3 Accessibility 
Biochar can both increase and decrease the accessibility of SOM to 
microorganisms and enzymes. Brodowski et al. (2006) provided evidence that 
a significant portion of BC occurs in the aggregate-occluded OM in soil. 
Interestingly, the largest BC concentrations occurred in microaggregates 
(<250 µm) and it has been suggested that it may be actively involved in the 
formation and stabilisation of microaggregates, comparatively to other forms 
of organic matter (Brodowski et al., 2006). At the present, one can only 
speculate on such a role of biochar in soil. Most importantly, organo-mineral 
interactions may be relevant in determining the environmental behaviour and 
fate of biochar (Hammes and Schmidt, 2009; Section 3.2.1) and can 
contribute to physically protecting it from degradation, while promoting its long 
mean-residence times in soil (Glaser et al., 2002; Lehmann et al., 2005; 
Brodowski et al., 2006).  

3.2.5.4 Priming effect 
The priming effect has been defined as being “the acceleration of soil C 
decomposition by fresh C input to soil” (Fontaine et al., 2004) and are 
generally considered to be short-term changes in the turnover of SOM 
(Kuzyakov et al., 2000). The priming effect is thought to be a function of 
changes in microbial community composition upon fresh C input into soil (e.g. 
cellulose, Fontaine et al., 2004). This means that addition of a ‘new’ source of 
carbon into the soil system can potentially lead to a priming effect whereby 
SOC is reduced. Several mechanisms may be involved: changes in pH, 
changes in water-filled pore space, changes in habitat structure, or changes in 
nutrient availability. 
Following cellulose addition, Fontaine et al. (2004) found that decomposition 
rate of soil humus stock in savannah soil increased by 55%. Kuzyakov et al. 
(2009) demonstrated that BC in soil underwent increased decomposition upon 
the addition of glucose to soil. They concluded that while soil microorganisms 
were not dependant on BC as an energy source, the extracellular enzymes 
produced by the microbial community for the decomposition of the glucose 
(and its metabolites) also decomposed the BC, albeit at a vastly decreased 
rate when compared to the added glucose. They estimated the mean 
decomposition time of black carbon to be in the range of 0.5% per year and 
concluded that the mean residence time of back carbon in soil is likely to be in 
the range of about 2000 years. This provides some further evidence of 
priming effects occurring with regard to mineralisation of C in soils, in this 
case BC, upon addition of a substance, in this case glucose. As to whether 
the addition of biochar to soil can lead to a priming effect leading to 
accelerated mineralisation of SOM is still a matter of debate.  
This then leads to the question as to whether biochar addition to soils can 
cause a priming effect. Kuzyakov et al. (2000) stated that the most important 
mechanisms concerning priming effects are due to increased activity or 
quantity of the microbial biomass. Biochar has been shown to increase both of 
these factors (Section 3.2.6.1), and as such there is the clear potential for 
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biochar to cause a priming effect on SOM. There is a paucity of data on the 
possible priming effect of biochar on SOM, but some initial data is available. 
Steinbeiss (2009) found that the addition of homogeneous biochars, made 
from glucose and yeast to produce N-free biochar and biochar with a N 
content of ~5%, respectively. When these biochars were mixed with arable 
soils and forest soils in controlled microcosm experiments a clear priming 
effect could be observed with between 8% and 12% of carbon from the SOC 
pool being lost in 4 months after addition of either type of biochar to either 
type of soil. The addition of nitrogen containing biochar to forest soil had the 
largest effect (13% loss) with addition of the nitrogen free biochar to arable 
soil having the smallest effect (8%). That said, it is important to note that the 
controls of both the arable soil and the forest soil which had no biochar 
addition but were subject to the same disturbance (sieved to 2 mm and 
mixed) also showed a loss of carbon from the SOC pool of 4% and 6% 
respectively. This demonstrates that disturbance to the soil which is sufficient 
to break up soil aggregates and expose previously protected soil organic 
matter to microbial decomposition and mineralisation itself has a strong 
priming effect on SOC. 
Biochars made from these specific feedstocks are unlikely to be used in 
reality particularly as they were almost certainly lacking in micronutrients such 
as P and K which would be introduced into the soil with most biochar types. 
Also, they were produced by hydrothermal pyrolysis, which is not the most 
commonly used or posited method of pyrolysis. This, combined with large 
amount of variance seen within each treatment group means that the results 
must be extrapolated with caution. However, it appears to be preliminary 
evidence that biochars can instigate, or at least increase the priming effect 
and accelerate the decomposition of SOC. There is some evidence that the 
availability of N in a soil is the main factor affecting the priming effect, with 
more available N leading to a reduced priming effect (Neff et al., 2002; 
Fontaine, 2007). This suggests that the priming effect could perhaps be 
reduced or eliminated though the co-addition of N fertiliser along with biochar. 
If biochar components are highly recalcitrant in soil, as evidence suggests, 
and its addition, in some scenarios at least, speeds up the decomposition, 
and thereby depletion of SOC, soil fertility and the ecosystem services which 
it provides may be negatively affected. It is conceivable that, through biochar 
addition to soil, it may be possible to increase the level of C in soils beyond 
what is found in most given soils on average at the moment. However, if this 
is C in the form of a highly recalcitrant substance that does not take part in the 
cycling of C in the soil (i.e. biochar) and not the highly chemically complex and 
dynamic substance (i.e. humus) and other SOM fractionations, then 
ecosystem functioning of soils may well be compromised. This is because it is 
well recognised that it is not the presence of C within the soil which is 
important for functioning, but rather it is the decomposition of SOC which 
drives the soil biota and leads to the provision of ecosystem services. This 
was recognised even before Russell (1926) who stated that SOM must be 
decomposed before it has ‘served its proper purpose in the soil’. This is 
clearly an area that warrents further research. 
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3.2.5.5 Residue Removal 
One of the often proposed methods of obtaining biomass for use as a 
feedstock to make biochar is the removal of crop residues for pyrolysis. The 
removal of residues, and the possible associated impacts has already been 
discussed extensively from the point of view of biofuels (Wilhelm et al., 2004; 
Lal, 2007; Blanco-Canqui and Lal, 2008; Lal, 2009). Removal of crop residues 
is associated with increased risk of soil loss by both water and wind erosion 
with associated off-site effects, depletion of SOM, degradation of soil quality 
leading to decrease in agronomic productivity and a reduction in crop yields 
per unit input of fertiliserand water, thereby compromising the sustainability of 
agriculture (Lal, 2007). 
Removal of crop residues for biochar production, therefore, has the potential 
to have multiple negative effects on the soil, which may only be partially 
outweighed, if at all, by the positive effects of biochar addition. While it is 
possible that the inclusion of biochar into the soil system may aid the 
reduction of atmospheric CO2, it is also feasible that more CO2 will be 
required to be produced as a by-product of processes undertaken to 
remediate the damage done by crop residue removal, such as increased 
production of fertiliser which may need to be undertaken to keep yields stable. 
Furthermore, as discussed above, the soil biota relies on the breakdown of 
SOM to provide energy for it to perform the multitude ecosystem services 
which it provides. It is the SOM dynamics that helps drive the system, not just 
the presence of SOM. If the potential new inputs of SOM, being crop residues 
in many agricultural situations, are removed, and converted into a 
substantially more recalcitrant form which does not function as an energy 
source for the edaphic microflora and fauna, then ecosystem services may 
well be compromised and reduced. 

3.2.6 Soil Biology 
The soil biota is vital to the functioning of soils and provides many essential 
ecosystem services. Understanding the interactions between biochar, when it 
is used as a soil amendment, and the soil biota is therefore vital. It is largely 
through interactions with the soil biota, such as promoting arbuscular 
mycchorizal fungi (AMF) as well as influences on water holding capacity, 
which leads to the reported effects of biochar on yields (see Section 3.3).  
Soil is a highly complex and dynamic habitat for organisms, containing many 
different niches due to its incredibly high levels of heterogeneity at all scales. 
On the microscale, soil is often an aquatic habitat, as micropores in soil are 
full of water at all times, apart from very extreme drought, due to the high 
water tension which exists there. This is vital for the survival of many microbial 
species which require the presence of water for mobility as well as to function. 
Indeed, many soil organisms, specifically nematodes and microorganisms 
such as protozoa enter a state of cryptobiosis, whereby they enter a 
protective cyst form and all metabolism stops in the absence of water. When 
biochar application leads to an increased water retention of soils (see Section 
3.1.2), it seems likely, therefore, that this will have a positive effect on soil 
organism activity, which may well lead to concurrent increases in soil 
functioning and the ecosystem services which it provides. 
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Organisms in the soil form complex communities and food webs and engage 
in many different techniques for survival and to avoid becoming prey, ranging 
from hiding in safe refuges, through to conducting forms of chemical ‘warfare’. 
Biochar, due to its highly porous nature, has been shown to provide increased 
levels of refugia where smaller organisms can live in small spaces which 
larger organisms cannot enter to prey on them. Microorganisms within these 
micropores are likely to be restriced in growth rate due to relying on diffusion 
to bring necessary nutrients and gases, but as this occurs in micropores 
within the soil, this demonstrates that microorganisms utilising these refugia 
almost certainly would not be reliant of decomposition of the biochar for an 
energy source. This is likely to be one of the mechanisms for the 
demonstrated increases in microbial biomass (Steiner et al., 2008; Kolb et al., 
2009), and combined with the increased water holding potentials of soil is a 
possible mechanisms for the increased observed basal microbial activity 
(Steiner et al., 2008; Kolb et al., 2009). However, due to the complexities of 
the soil system and its biota, it is probable that many more mechanisms are at 
work. For example Kolb et al. (2009) demonstrated that while charcoal 
additions affected microbial biomass and microbial activity, as well as nutrient 
availability, differences in the magnitude of the microbial response was 
dependent on the differences in base nutrient availability in the soils studied. 
However, they noted that the influences of biochar on the soil microbiota 
acted in a relatively similar way in the soils they studied, albeit at different 
levels of magnitude, and so suggested that there is considerable predictability 
in the response of the soil biota to biochar application. 
As with all interactions between the soil biota and biochar, there is a scarcity 
of data regarding the interaction of biochar with fungi. However, considering 
the diverse saprophytic abilities of fungi it is probable that the interaction 
between fungi and biochar is most likely to affect the stability and longevity of 
biochar within the soil. While there is evidence of long residence times of 
biochar in soils from Terra Pretas, biochar from different sources and exposed 
to different fungal communities may well have differing levels of recalcitrance 
and hence residence times in soils. This is therefore a highly pertinent area 
for further research. 
There is some evidence that the positive effects of biochar on plant production 
may be attributable to increased mycorrhizal associations (Nisho and Okano, 
1991). The majority of studies concerning biochar effects on mycorrhiza show 
that there is a strong positive effect on mycorrhizal abundance associated 
with biochar in soil (Harvey et al., 1976; Ishii and Kadoya, 1994; Vaario et al., 
1999). The possible mechanisms were hypothesised by Warnock et al. (2007) 
to include (in decreasing order of currently available experimental evidence) 
 a) alteration of soil physico-chemical properties  
 b) indirect effects on mycorrhizae through effects on other soil 

microbes  
 c) plant–fungus signalling interference and detoxification of 

allelochemicals on biochar  
 d) provision of refugia from fungal grazers 
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Biochar, immediately after pyrolysis, can have a wide range of compounds on 
its surface. These can include ones that are easily metabolised by microbes, 
such as sugars and aldehydes which are turned over quickly, but may also 
include compounds which have bactericidal and fungicidal properties such as 
formaldehyde and cresols (Painter, 2001). However, residence times of these 
substrates has been shown to be in the range of one to two seasons and, 
therefore, long term effects of these chemicals on the soil biota are unlikely 
(Zackrisson et al., 1996). 
The structure of biochar provides a refuge for small beneficial soil organisms, 
such as symbiotic mycorrhyzal fungi which can penetrate deeply into the pore 
space of biochar and extraradical fungal hyphae (fungal hyphae which are 
found outside of roots) which sporulate in the micropores of biochar where 
there is lower competition from saprophytes (Saito and Marumoto, 2002). 
Nishio (1996) stated that "the idea that the application of charcoal stimulates 
indigenous arbuscular mycorrhiza fungi in soil and thus promotes plant growth 
is relatively well-known in Japan, although the actual application of charcoal is 
limited due to its high cost". The specifics of the cost-benefit relationship of 
biochar application to soil and its associated effects on yield have not yet 
been covered in depth by the scientific community and is subject of discussion 
in Section 5.4. 
The relationship between mycorrhizal fungi and biochar may be important in 
realising the potential of charcoal to improve fertility. Nishio (1996) also 
reported that charcoal was found to be ineffective at stimulating alfalfa growth 
when added to sterilised soil, but that alfalfa growth was increased by a factor 
of approximately 1.8 when unsterilised soil containing native mycorrizal fungi 
was also added. This demonstrates that it is the interaction between the 
biochar and the soil biota which leads to positive effects on yield, and not just 
the biochar itself (See Section 3.3). 

3.2.6.1 Soil microbiota 
It has long been assumed that soil biodiversity and SOM are positively 
correlated although experimental evidence for this is scarce. Even if this 
assumption is proven to be true, it is unclear as to what role biochar will play 
in this interaction. This is because, for the majority of the soil biota at least, 
biochar appears to function more as the mineral constituent of the soil, than 
the OM per se. Nevertheless, there is experimental evidence that microbial 
communities are directly affected by the addition of biochar to soils (Ogawa, 
1994; Rondon et al., 2007; Warnock et al., 2007; Steiner et al., 2008).  
Due to the fact that experiments involving the addition of biochar to soils are 
relatively new, with only relatively few experiments being more than a decade 
old, quantifying the long term effects of biochar addition to soil is problematic. 
While not perfect analogies to the addition of biochar to temperate soils, 
investigation of Terra Preta soils in the Amazon Basin does have the potential 
to lead to insights regarding the long term effects of biochar addition to soil. 
O’Neill et al. (2009) performed 16s rRNA analysis on Terra Pretas and their 
surrounding soils. Although their experiment was limited by the fact that they 
isolated microorganisms through culturing techniques, they did find numerous 
differences between Terra Pretas and their surrounding soils. Firstly, higher 
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numbers of culturable bacteria, by over two orders of magnitude were found in 
the Terra Pretas consisting of five possible new bacterial families. They also 
reported greater diversity being isolated from the Terra Preta soils. This 
increase in culturable bacterial populations and a greater culturable diversity 
were found in all of the Anthrosols, to a depth of up to 1 m, when compared to 
adjacent soils located within 50-500 m of terra preta. Although using culturing 
of the microorganisms as a form of isolation is undoubtedly a weakness in this 
experiment design owing to the fact that the vast majority of soil 
microorganisms are not culturable in the laboratory (Torsvik et al., 1990; Ritz, 
2007), soil extract media was used which when compared to standard culture 
media revealed an increased diversity in the soil microbial populations of the 
Terra Pretas 
As well as affecting the inherent recalcitrance of biochar, the pyrolysis 
temperature range also affects how the biochar will interact with the soil 
community. This is particularly true of woody charcoal which, at lower 
pyrolysis temperatures retains an interior layer of bio-oil which is equal to 
glucose in its effect on microbial growth (Steiner, 2004). When pyrolysed at 
higher temperatures, this internal layer of bio-oil is lost and so it is likely that 
the biochar will have less impact with regard to promoting soil fertility when 
compared to biochar which does have the internal layer of bio-oil. 
When added to soil, biochar has been shown to cause a significant increase 
in microbial efficiency as a measure of units of CO2 released per microbial 
biomass carbon in the soil as well as a significant increase in basal respiration 
(Steiner et al., 2008). Steiner et al. (2008) also found that the addition of 
organic fertiliser amendments along with biochar lead to further increases in 
microbial biomass, efficiency in terms of CO2 release per unit microbial 
carbon, as well as population growth and concluded that biochar can function 
as valuable component of the soil system, especially in fertilised agricultural 
systems.  
As well as increasing basal respiration and microbial efficiency, there is 
experimental evidence that biochar addition to soil increases N2 fixation by 
both free living and symbiotic diazotrophs (Ogawa, 1994; Rondon et al., 
2007). Rondon et al. (2007) reported that the positive effects of biochar, 
including increased N2 fixation, lead to a between 30 and 40% increase in 
bean (Phaseolus vulgaris L.) yield at biochar additions of upto 50 g kg-1. 
However, they found that at an application rate of 90 g kg-1 a negative effect 
with regard to yield occurred. It should be noted that this appears contrary to 
data shown in Figure 3.1 which shows a general trend for positive crop 
productivity effects upon biochar addition to soil. This may be due to the 
Rondon et al. (2007) study being excluded from the meta-analysis owing to 
the study not reporting the variance of within their treatments meaning that the 
data could not be included. This means that a possible negative weighting 
was not included in the meta-analysis which could have caused a slight scew 
of the results. However, as n was low in the Rondon study when compared to 
the combined data used in the meta-analysis, the effects of this omission are 
likely to be minimal and this highlights the need of accurate reporting of 
variances in experimental data to both allow effective interpretation of the 
results, and to allow further analyses such as statistical meta-analyses to be 
undertaken. Furthermore, many more studies which are reported in the meta-
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analysis showed a positive effect on crop productivity at similar or higher 
application rates. However, this highlights the fact that while biochar addition 
to soil is potentially positive with regard to crop yield, situations also exist 
where negative effects can occur regarding yield. There is currently no clear 
mechanism which may lead to positive effects on yield can become negative 
once a threshold has been crossed regarding the amount of biochar which is 
added to soil. While it is possible to hypothesise mechanisms responsible for 
this effect, there is, as yet, no experimental evidence to confirm or refute any 
hypothesis and this highlights the need for further research. 

3.2.6.2 Soil meso and macrofauna 
There is a current paucity of research with regard to the interaction of biochar 
with the soil meso and macrofauna, with the exception of earthworms. 
Both the application rate of biochar and the original feedstock used have been 
shown to affect the soil biota. Weyers et al. (2009) reported that application 
rates higher than 67 t ha-1 of biochar made from poultry litter had a negative 
impact on earthworm survival rates. They hypothesised that increased soil pH 
or salt levels may have been the reason for the observed reduced survival 
rates. They noted that earthworm activity was greater in soil amended with 
pine chip biochar than with poultry litter biochar and so concluded that 
different types of biochar can have different effects on the soil biota. This 
confirmed work reported by Chan et al. (2008) who found that earthworms 
had different preferences for different types of biochar, but noted that the 
underlying mechanisms driving these preferences required further work. 
Recent work by Van Zwieten et al. (2009) has shown that earthworms 
preferred biochar-amended Ferrosols over control soils, although they found 
no significant difference for Calcarosols. This shows that it is not just the 
application rate or feedstock of the biochar which is important to consider 
when predicting possible effects, but the soil to which it is added must also be 
taken into account. This highlights the complex dynamic interactions which 
can vary greatly with soil type, application rate and feedstock used and shows 
that predicting the effects of biochar application on the soil biota of a given 
soil, whilst very important, is inherently very difficult. 
Some work has been undertaken looking at the effects of charcoal ingestion 
on earthworms (Hayes, 1983). When charcoal is ingested by an earthworm, 
along with other soil particles, the two are mixed with mucus secreted in the 
oesophagus and finely ground in the muscular gizzard. When excreted, the 
charcoal/soil paste is stabilised by Van der Waals forces after drying and 
forms a dark-coloured humus (Hayes, 1983). Ponge et al. (2006) reported that 
in laboratory experiments the earthworm Pontoscolex corethrurus was found 
to prefer to ingest a mixture of charcoal and soil compared to either pure soil 
or pure charcoal. Because of this, Ponge et al (2006) concluded that 
Pontoscolex corethrurus was the organisms most responsible for the 
incorporation of charcoal into the topsoil in the form of silt size particles which 
aids the formation of stable humus in Terra Pretas. 
In further laboratory experiments on the effects of charcoal on populations of 
earthworms, Topoliantz and Ponge (2003) found differences in the way in 
which different populations of the earthworm species P. corethrurus, taken 
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from either forest soil or fallow soil, were adapted to the presence of charcoal, 
implying that the addition of charcoal to soil is exerting a selective influence 
on the worms although what the specific effects of this selective pressure may 
eventually be is unclear. They also reported that the observed transport of 
charcoal within the soil demonstrated the importance of P. corethrurus in the 
incorporation of charcoal particles into the soil. 
No research has yet been undertaken investigating the effects of biochar 
addition to soil on soil microarthropods such as collembola or acari, or on 
other soil dwelling organisms such as rotifers and tardigrades. Any negative 
effect on these organisms seems likely to only occur as a result of any 
contamination which exists in the biochar, if that contaminant is bioavailable 
(Section 3.2.4). Stimulation of the microbial community may or may not have 
concurrent effects on soil invertebrates depending on whether the increase in 
microbial biomass is exposed for predation. If the majority of the increase in 
microbial biomass occurs within biochar particles in the soil, then the 
microorganisms may not be available as a food source for soil invertebrates. 
However, if the stimulated growth in microbial biomass also occurs outside of 
biochar particles within the soil, then it is possible that an increase in the soil 
invertebrate community may also occur. This could have implications for 
nutrient cycling, crop yield and other ecosystem services which are hard to 
predict owing to a paucity of experimental data and the high intrinsic 
complexity and dynamic nature of the edaphic community. 

3.2.6.3 Soil megafauna 
There is no research reported in the literature on the effects of charcoal or 
biochar addition to soil on soil megafauna such as badgers, moles or other 
vertebrates. As these organisms are not generally found in the arable 
environment it is likely that any effects may be minimal if biochar addition is 
limited to agricultural land. However, should biochar addition be planned for 
other soils, including forest soils, then an impact assessment may well need 
to be carried out to investigate any possible impacts. 
Off-site effects of biochar addition to arable soils are possible, and are likely to 
include any contaminants such as heavy metals moving up through the food 
chain. This is likely to be particularly true of moles that have a diet high in 
earthworms. As it has been shown that earthworms ingest charcoal which 
exists within the soil profile, it is probable that moles will in turn ingest 
charcoal particles when they ingest worms. It is still currently unclear what 
quantity of heavy metals, if any, will be able to pass from the biochar, if 
present, into the tissues of other organisms and this is an area which requires 
significant further work to ensure the safety of heavy metal containing 
biochars in soils (see also Section 3.2.4). 
The main point of contact between biochar in the soil and other megafauna 
such as rabbits, badgers and foxes is likely to be through skin contact when 
the animals are building and resting in their burrows, sets and ‘earths’. Heavy 
metal absorption is extremely limited through skin, with the exception of 
mercury which is likely to exist in biochars in extremely minute amounts, if at 
all. It is possible that some small amount of biochar may enter these 
organisms’ digestive tracts and airways if it is in the form of very small 
particles, as well as through ingestion of earthworms in the case of some 
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organisms such as moles, as earthworms have been shown to ingests 
charcoal in soil (Topoliantz and Ponge, 2005).  
Concerning possible ingestion of biochar fragments from the soil by soil 
megafauna there is no published data in the primary literature. However, Van 
et al. (2006) found that incorporation of bamboo charcoal (0.5 to 1.0 mg kg-1 
of body weight) into the feed of growing goats resulted in enhanced growth 
and no adverse effects were observed at the study concentrations. Clearly 
care must be taken when extrapolating data to other animals and to biochars 
made from alternative feedstocks and this area warrents further research. 
Ingestion is not the only mode of possible uptake of biochar fragments by the 
soil megafauna. Biochar dust particles may possibly be inhaled by the soil 
megafauna. However, there is currently no research reported in the primary 
literature concerning the effect of charcoals on the respiratory systems of soil 
megafauna and as such robust predictions concerning the possible effects is 
currently not possible and requires further research.  

3.3 Production Function 
Increased yields are the most commonly reported benefits of adding biochar 
to soils. Nearly all experiments have been conducted in the tropics, while field 
trials in temperate regions have been set up only recently. Taking a step back, 
SOM is generally believed to be correlated positively with crop yields in 
modern arable agriculture, although there is still poor scientific understanding 
of the strength of this relationship, the influence of environmental conditions 
(sandy or clayey soil, wet, dry, etc.), crop types (combinable vs. root crops) 
and the underlying mechanisms. Loveland and Webb (2003) reviewed 1200 
papers in the scientific literature on the relationship between SOC and crop 
yield in temperate regions and concluded that a consensus does not exist.  
Diaz-Zorita et al. (1999) performed stepwise regression analysis between 
wheat yields and soil properties and found different relationships in different 
years. In a year without a water deficit, N and P influenced yield, in drought 
years however, yields were correlated to water availability and OM. Pan and 
Smith (2009) investigated the relationship between SOM and yield by using 
statistical data for China (1949-1998) and found a particularly strong 
relationship between yield stability and SOM. 
Considering the poor understanding of the relationship between SOM and 
crop yield or plant production, it may be expected that similar challenges exist 
regarding the scientific understanding of the relationship between biochar and 
plant productivity. However, to investigate the relationship between biochar 
additions to soils and crop productivity in more detail, new tools can be used. 
Therefore, a meta-analysis on this relationship was performed (see next 
sections). 

3.3.1 Meta-analysis methods 
Objectivity of systematic reviews on biochar is paramount. In the medical 
sciences this has been resolved by the founding of an independent 
organisation (the Cochrane Collaboration) that provides regularly updated 
systematic reviews on specific healthcare issues using a global network of 
volunteers and a central database/library. The methodologies used in medical 
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science can be transferred to ensure objectivity when compiling literature 
reviews in other research areas such as those related to biochar, even though 
the amount of literature and information available on biochar is currently 
limited. One such methodology which was developed for objective analysis of 
a range of different medical studies testing the same (or similar) hypothesis 
was that of meta-analysis which is being increasingly used across a range of 
scientific disciplines.  
Here, meta-analysis techniques (Rosenberg et al., 1997) were used to 
quantify the effect of biochar addition to soil on plant productivity. For each 
study the control mean and experimental means were recorded, or calculated 
where necessary. Standard deviation was used as a measure of variance and 
this was reported where given or calculated from the published measure of 
variance from each study. To maximise the number of studies used in the 
analysis, both pot and field experiments were recorded, providing the results 
were quantitative.  
Standardisation of the results from the studies was undertaken through 
calculation of the “effect size” which allows quantitative statistical information 
to be pooled from and robust comparisons of effects from studies with 
different variables to be made. Data was square root transformed to normalise 
the distribution. Effect size was calculated using the transformed data taken 
as the natural logarithm of the response ratio by using the following equation: 
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For the meta-analysis, the following nine studies concerning the effects of 
biochar addition to soil on crop production were used: Van Zwieten et al. 
(2008); Yamato (2006); Chan (2007); Chan (2008); Lehmann (2003); Ishii and 
Kadoya (1994); Nehls (2002); Kimetu et al. (2008) and Blackwell (2007). 
These studies combined produced 86 different ‘treatments’ for use in the 
meta-analysis. 
In order to use change in pH as a grouping category, changes were grouped 
by ‘no change’ (0 – representing no change from soil starting pH upon 
addition of biochar) and in consecutive changes in pH of 0.5 for both 
increasing and decreasing pH values upon biochar addition. For calculation of 
grouped effect sizes a categorical random effects model was used. Groups 
with fewer than two variables were excluded from each analysis. Resampling 
tests were generated from 999 iterations. For each of the analyses, grouped 
by different categorical predictors, the data was analysed using a fixed effects 
model if the estimate of the pooled variance was less than or equal to zero. 
When plotting figures, the effect size was unlogged (exponentially 
transformed) and the result multiplied by 100 to obtain the percentage change 
in effect size upon biochar addition in each category. Analysis was 
undertaken using MetaWin Version 2 statistical software (Rosenberg et al., 
2000). While more than the nine reported studies looking at the effect of 
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biochar addition to soil on crop productivity, studies were excluded from the 
analysis when no quantitative results or measures or variance were available, 
leaving the nine studies reported above. 

3.3.2 Meta-analysis results 

 

Figure 3.2 The percentage change in crop productivity upon application of biochar at different 
rates, from a range of feedstocks along with varying fertiliserco-amendments. Points represent 
mean and bars represent 95% confidence intervals. Numbers next to bars denote biochar 
application rates (t ha-1). Numbers in the two columns on the right show number of total 
‘replicates’ upon which the statistical analysis is based (bold) and the number of ‘experimental 
treatments’ which have been grouped for each analysis (italics) 

Figure 3.2 shows the effect of biochar addition to soil on crop productivity, 
grouped by application rate and vertically partitioned by effect size. The 
sample means seem to indicate a small but positive effect on crop productivity 
with a grand mean (being the mean of all effect sizes combined) of about 
10%. There appears to be a general trend, when looking at the sample 
means, for increased biochar application rate to be correlated with increased 
crop productivity (Figure 3.2). However, there was no statistically significant 
difference (at P = 0.05) between any of the application rates as is evident from 
the overlapping error bars which represent the 95% confidence intervals. 
Application rates of 10, 25, 50 and 100 t ha-1 were all found to significantly 
increase crop productivity when compared to controls which received no 
biochar addition. However, other application rates which fall within the range 
of these statistically significant application rates, such as 40 and 65 t ha-1 
showed no statistically significant effect of biochar addition to soil on crop 
yield, demonstrating that while biochar addition to soil may increase crop 
productivity it is not linearly correlated. 
It can be seen from Figure 3.2 that even with the same application rate of 
biochar, a large variation in effect size occurs. This is particularly true of the 
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lower application rates of 5.5 and 11 t ha-1 and also for the large application 
rate of 135.2 t ha-1. Other application rates also have a large variance in their 
effect size, but to a lesser extent. The reason for this large variation is likely to 
be due to the different biochar feedstocks used, the different crops assessed 
and differences in soil type to which the biochar was added. It is interesting to 
note that while there was often large variation in the data for a given 
application rate, the means for each application rate all fall on the positive 
productivity effect side, and no single biochar application rate was found to 
have a statistically significant negative effect on the crops from the range of 
soils, feedstocks and application rates studied. It should be noted that while 
no negative effects have been detected by this meta-analysis with regard to 
the effect of application rate on crop productivity, the studies used in the 
meta-analysis do not cover a wide range of latitudes and the data used was 
heavily scewed towards (sub)tropical conditions. This means that while this 
analysis provides good evidence of the generally positive effects of biochar 
addition to soil on crop productivity, care needs to be taken when 
extrapolating these results to European latitudes, crops and soil types. 

 

Figure 3.3 Percentage change in crop productivity upon application of biochar at different rates 
along with varying fertiliserco-amendments grouped by change in pH caused by biochar addition 
to soil. Points represent mean and bars represent 95% confidence intervals. Values next to bars 
denote change in pH value. Numbers in the two columns on the right show number of total 
‘replicates’ upon which the statistical analysis is based (bold) and the number of ‘experimental 
treatments’ which have been grouped for each analysis (italics) 

Figure 3.3 shows the effect of biochar addition to soil on crop productivity, 
grouped by liming effect. It should be noted that where the biochar addition to 
soil lead to a liming effect (i.e. the pH of the soil was increased), there was a 
significant increase in crop productivity compared to controls, although there 
were no significant differences between treatments which lead to a positive 
liming effect. 
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Regarding those treatments that showed no change, or a reduction in pH 
upon biochar addition to soil, biochar addition to soil showed no statistically 
significant effect. All other groupings where biochar addition to soil led to an 
increase in soil pH, a concurrent increase in crop productivity was seen. This 
effect was not strictly linear, with the mean increase in crop productivity where 
biochar caused a liming effect (with an increase in pH units ranging from 1.1-
1.5), was lower when compared to those treatments where the liming effect 
resulted in an increase ranging from 0.6 to 1.0 pH units. This may be due to 
differences in initial pH, before biochar addition to soil, meaning that a lesser 
increase was still sufficient to pass a tipping point with regard to metal ion 
availability for example, meaning a slightly increased crop productivity effect 
even with a decreased liming effect. 

 

Figure 3.4 The percentage change in crop productivity o upon application of biochar at different 
rates along with varying fertiliserco-amendments to a range of different soils. Points shows mean 
and bars so 95% confidence intervals. Numbers in the two columns on the right show number of 
total ‘replicates’ upon which the statistical analysis is based (bold) and the number of 
‘experimental treatments’ which have been grouped for each analysis (italics) 

Figure 3.4 shows the effect of biochar addition to soil on crop productivity, 
grouped by soil type. As with the previous meta-analysis figures, the error 
bars are again very large. Again, there were found to be no statistically 
significant negative effects of biochar to soil on crop productivity when 
grouped by soil type. The trend of the effect in Calcarosols was towards the 
negative, but this effect was not statistically significant when compared to 
control soils, although it was significantly less than then positive effects seen 
upon biochar addition to both loam soils and acidic free draining soils. The 
effect of biochar addition to these soils (‘loam’ and ‘acidic free draining’) was 
also found to show a statistically significant increase when compared to 
control soils with no biochar addition. For the other soil types investigated by 
this analysis (‘volcanic parent material’ and ‘free draining’), there was a 
general trend towards a positive effect as evidenced by the means being on 
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the positive effect side of 0. However, the effect for these soils was not found 
to be statistically significant owing to the large variation from the samples. 

 

Figure 3.5 The percentage change in crop productivity of either the biomass or the grain upon 
application of biochar at different rates along with varying fertiliserco-amendments. Points 
shows mean and bars so 95% confidence intervals. Numbers in the two columns on the right 
show number of total ‘replicates’ upon which the statistical analysis is based (bold) and the 
number of ‘experimental treatments’ which have been grouped for each analysis (italics) 

Figure 3.5 shows the effect of biochar addition to soil on crop productivity, 
grouped by overall biomass productivity vs. grain yield. There was no 
significant difference in grain yield for those crops grown in biochar amended 
soils compared to non-biochar amended soils. There was a significant 
increase in overall crop biomass production in biochar amended soils 
compared to non-biochar amended soils, although this difference was not 
significant when compared to the impact of growth on biochar amended soils 
on grain production.  
The fact that biomass was positively affected by growth on biochar amended 
soils whereas grain was not is possibly due to grain being a relatively small 
part of the biomass and so any slight change would be more difficult to detect. 
Again, the error bars show that there was considerable variation within 
treatments, as would be expected due to the data being amalgamated from 
several different studies, and each treatment in the above figure includes data 
obtained from different crops, soils and biochar feedstocks. 
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Figure 3.6 The percentage change in crop productivity upon application of biochar along with a 
co-amendment of organic fertiliser(o), inorganic fertiliser(I) or no fertiliser(none). Points shows 
mean and bars so 95% confidence intervals. Numbers in the two columns on the right show 
number of total ‘replicates’ upon which the statistical analysis is based (bold) and the number of 
‘experimental treatments’ which have been grouped for each analysis (italics) 

There was no statistically significant difference between biochar application to 
soil whether no concurrent fertiliser addition was used, or whether organic or 
inorganic fertiliser was used (Figure 3.6). This is contrary to what is often 
reported in the literature where specific recommendations often state that 
fertiliser addition is necessary to maximise crop yields.  
Care must be taken when interpreting Figure 3.6, as it appears at first glance 
to show no difference in effect size between addition of biochar alone, or with 
fertiliser. It is important to remember that the effect sizes are between 
‘controls without biochar’ vs ‘treatments with biochar’. This means that the no 
fertiliser application treatment shows the effect of biochar addition to soil 
alone. In the other treatments, the control includes the addition of fertiliser, but 
without the addition of biochar, compared to the experimental treatments 
which include both fertiliser and biochar. Figure 3.6 shows, therefore, that the 
impact of biochar addition to soil was not significiantly different whether 
fertiliser, either organic or inorganic was used. This does not show, as 
appears at first glance, that there was no significant effect of co-addition of 
fertiliser with biochar, over addition of biochar to soil alone. 
While there was found to be no significant difference between the effects of 
inorganic fertiliser with biochar compared to no fertiliser with biochar, both of 
these treatments showed increased crop productivity when compared to 
control non-biochar amended soils. Chan et al. (2007) reported a lack of 
response upon addition of biochar without the co-addition of N and as such it 
seems likely that in those studies available N in the soil was not a limiting 
factor, possibly due to previous cropping with legumes, or owing to the 
quantity and quality of SOM meaning that available N levels were not limiting.  
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The addition of organic fertiliser along with biochar to soils was found to have 
no statistically significant effect when compared to application of organic 
fertiliser to non-biochar amended soils. This is due to extreme levels of 
variance in results of the biochar plus organic fertiliser treatments, as shown 
by the large error bars.  

3.3.3 Meta-analysis recommendations 
As was shown in this report, soils are very heterogeneous systems, in both 
time and space and at a multitude of scales, and biochar is a very 
heterogeneous material. Meta-analysis is a valuable tool for amalgamating, 
summarising and reviewing studies on biochar. It can elucidate trends in a 
quantitative way that in conventional reviews might be perceived as being 
biased by personal judgement. A combination of meta-analysis with a 
qualitative review of the literature will provide the most comprehensive 
discussion of both the status of scientific knowledge on a specific ‘effect’ and 
the possible underlying mechanisms and exceptional or marginal conditions. 
As new studies are published, the meta-analyses on the effect of biochar 
application to soil on productivity can be updated (and refined) periodically. In 
addition, many other effects of biochar (see Chapter 3) can be analysed by 
meta-analyses once a large enough body of research has been established.  
From this work it is strongly recommended that scientists publishing results on 
effects of biochar describe the data, and the variance of those data, 
consistently and completely. This means including the Z or F statistic for 
regression data and clear measures of variance for comparative analysis 
data, such as standard deviations or standard errors for each treatment, 
including the control, rather than an LSD (least significant difference) which 
has been pooled for several treatments. In all cases, it should be absolutely 
clear what the sample number is for every treatment (including control). 
Clearly this should be normal scientific conduce, but unfortunately does not 
seem to occur in all cases. To enable meta-analyses on effects of a factor that 
is not the dependent variable of a study, it is also recommended to include all 
sample numbers, standard deviations or standard errors of other parameters 
measured in the study, e.g. CEC, pH, bulk density, microbial activity, etc. 
Finally, it is recommended to report all the data in tabular format, possibly as 
an annex. 

3.3.4 Other components of crop production function 
Crop production is, however, only one possible agronomic effect of on-farm 
benefit from biochar. Many other effects still need to be investigated, for 
example i) direct impacts on yields (seed rate); ii) crop-related impacts (crop 
establishment, fertiliser, disease and weeds); and iii) non-crop-related impacts 
(workability, soil hydrology, soil degradation).  

3.4 Summary 
This section has highlighted the relative paucity of knowledge concerning the 
specific mechanisms behind the reported interactions of biochar within the soil 
environment. However, while there is still much that is unknown, large steps 
have been taken towards increasing our understanding of the effects of 
biochar on soil properties and processed. Biochar interacts with the soil 
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system on a number of levels. Sub-molecular interactions with clay and silt 
particles and SOM occur through Van der Waals forces and hydrophobic 
interactions. It is the interactions at this scale which will determine the 
influence of biochar on soil water repellency and also the interactions with 
cations and anions and other organic compounds in soil. These interactions 
are very char specific, with the exact properties being influenced by both the 
feedstock and the pyrolysis conditions used.  
There has been some evidence to suggest that biochar addition to soil may 
lead to loss of SOM via a priming effect in the short term. However, there is 
only very little research reported in the literature on this subject, and as such it 
is a highly pertinent area for further research. The fact that Terra Pretas 
contain SOM as well as char fragments seems to demonstrate that the 
priming effect either does not exist in all situations or if it does, perhaps it only 
lasts a few seasons and it appear not to be sufficient to drive the loss of all 
native SOM from the soil. Biochar has the potential to be highly persistent in 
the soil environment, as evidenced both by its presence in Terra Pretas, even 
after millennia, and also as evidenced by studies discussed in this section. 
While biochars are highly heterogeneous across scales, it seems likely that 
properties such as recalcitrance and effects on water holding capacity are 
likely to persist across a range of biochar types. It also seems probable, that 
while difference may occur within biochars on a microscale, biochars 
produced from the same feedstocks, under the same pyrolysis conditions are 
likely to be broadly similar, with predictable effects upon application to soil. 
What remains to be done are controlled experiments with different biochars 
added to a range of soils under different environmental conditions and the 
precise properties and effects identified. This may lead towards biochars 
possibly being engineered for specific soils and climate where specific effects 
are required.  
After its initial application to soil, biochar can function to stimulate the edaphic 
microflora and fauna due to various substrates, such as sugars, which can be 
present on the biochar's surface. Once these are metabolised, biochar 
functions more as a mineral component of the soil rather than an organic 
component, as evidenced by its high levels of recalcitrance meaning that it is 
not used as a carbon source for respiration. Rather, the biochar functions as a 
highly porous network the edaphic biota can colonise. Due to the large 
inherent porosity, biochar particles in soil can provide refugia for 
microorganisms whereby they may often be protected from grazing by other 
soil organisms which may be too large to enter the pores. This is likely to be 
one of the main mechanisms by which biochar-amended soils are able to 
harbour a larger microbial biomass when compared to non-biochar amended 
soils. Biochar incorporation into soil is also expected to enhance overall 
sorption capacity of soils towards trace anthropogenic organic contaminants 
(e.g. PAHs, pesticides, herbicides), in a stronger way, and mechanistically 
different, from that of native organic matter. Whereas this behaviour may 
greatly contribute to mitigating toxicity and transport of common pollutants in 
soil, biochar aging over time may result in leaching and increased 
bioavailability of such compounds. On the other hand, while the feasibility for 
reducing mobility of trace contaminants in soil might be beneficial, it might 
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also result in their localised accumulation, although the extent and 
implications of this have not been experimentally assessed. 
Soil quality may not be necessarily improved by adding biochar to soil. Soil 
quality can be considered to be relatively high for supporting plant production 
and provision of ecosystem services if it contains carbon in the form of 
complex and dynamic substances such as humus and SOM. If crop residues 
are used for biochar, the proportion of carbon going into the dynamic SOM 
pool is likely to be reduced, with the carbon being returned to the soil in a 
relatively passive biochar form. The proportion of residues which are removed 
for pyrolysis versus the proportion which is allowed to remain in the soil will 
determine the balance between the dynamic SOM and the passive biochar 
and so is likely to affect soil quality for providing the desired roles, be it 
provision of good use as crop or timber, or functioning as a carbon pool. 
Biochar also has the potential to introduce a wide range of hazardous organic 
compounds (e.g. heavy metals, PAHs) into the soil system, which can be 
present as contaminants in biochar that has been produced either from 
contaminated fedstocks or under processing conditions which favour their 
production. While a tight control over the feedstock type and processing 
conditions used can reduce the potential risk for soil contamination, 
experimental evidence of the occurrence and bioavailability and toxicity of 
such contaminants in biochar and biochar-enriched soil (over time) remain 
scarce. A comprehensive risk assessment of each biochar product prior to its 
incoporation into soil, taking into account the soil type and environmental 
conditions, is therefore paramount.  
Increased crop yields are the most commonly reported benefits of adding 
biochar to soils. A full search of the scientific literature led to a compilation of 
studies used for a meta-analysis of the effects of biochar application to soils 
and plant productivity. Meta-analysis techniques (Rosenberg et al., 1997) 
were used to quantify the effect of biochar addition to soil on plant productivity 
from a range of experiments. Our results showed a small overall, but 
statistically significant, positive effect of biochar application to soils on plant 
productivity in the majority of cases, covering a range of both soil and crop 
types. The greatest positive effects were seen on acidic free-draining soils 
with other soil types, specifically Calcarosols showing no significant effect. No 
statistically significant negative effects were found. There was also a general 
trend for concurrent increases in crop productivity with increases in pH up on 
biochar addition to soils. This suggests that one of the main mechanisms 
behind the reported positive effects of biochar application to soils on plant 
productivity may be a liming effect. These results underline the importance of 
testing each biochar material under representative conditions (i.e. soil-
environment-climate-management factors). 
The degree and possible consequences of the changes biochar undergo in 
soil over time remain largely unknown. Biochar loss and mobility through the 
soil profile and into water resources has so far been scarcely quantified and 
the underlying transport mechanisms are poorly understood. This is further 
complicated by the limited amount of long-term studies and the lack of 
standardized methods for simulating biochar aging and for long-term 
environmental monitoring. 
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4. BIOCHAR AND ‘THREATS TO SOIL’ 
This chapter summarises the findings and gaps in the biochar literature 
relevant to the threats to soil, as identified by the Thematic Strategy for Soil 
Protection (COM(2006) 231). For a more in-depth discussion of patterns, 
effects, processes and mechanisms, please refer to the relevant Sections in 
this report. For the threats to soil of ‘soil sealing’ and ‘landslides’, biochar 
holds no relevance at present. 

4.1 Soil loss by erosion 
In the context of threats to soil, soil loss by erosion is specified by being “as a 
result of anthropogenic activity, in excess of natural soil formation rates 
causing a deterioration or loss of one or more soil functions” (Jones et al., 
2008). Experimental studies on the effects of biochar application on soil 
erosion have not been found. Even erosion of charcoal particles from the soil 
surface after wildfires is a topic that has only started being researched 
relatively recently. However, an obvious potential effect is the wind erosion of 
biochar particles during application to soils. For application strategies where 
the biochar is incorporated into the soil, further erosion by either wind is likely 
to be reduced to the ‘normal’ erosion rates of the site. For application 
strategies where the biochar is applied to the soil surface only, the risk of 
erosion increases strongly because biochar generally has a relatively low 
density and, therefore, a greater erodibility by wind for smaller particles and 
by water for also the larger biochar particles. Surface application has been 
discussed for grassland and forest land uses mostly (and no-till systems). The 
greater risk may be expected for grasslands since these are open systems 
with generally greater wind velocities than forests. 
Biochar application to soils can also be considered from a soil formation 
perspective. Verheijen et al. (2009) reviewed soil formation rates in Europe to 
be in the range of 0.3-1.4 t ha-1 yr-1. Considering the human life span, these 
very low formation rates (measurable only in geological terms) mean that soil 
is a non-renewable resource. Even low application rates of biochar are likely 
to outstrip natural soil formation rates by physicochemical weathering and 
dust deposition (i.e. mineral dust mainly from the Sahara). However, great 
care must be taken when considering biochar application to soils as 
constituting towards soil formation rates, and thereby tolerable soil erosion 
rates. Most notably, the residence time of biochar particles in soils needs to 
be considered, which depends on i) decomposition rates of biochar 
components (physicochemical and biological degradation), and ii) mobility and 
fate of biochar particles (movement through the soil matrix and into 
ground/surface waters). Both these factors are likely to be influenced strongly 
by variation in soil properties, climatic conditions, biochar properties, and land 
use and soil management. A substantial body of experimental scientific 
research into the mechanisms affecting the residence time of biochar particles 
in soils is required before biochar application to soils might be considered in 
the context of tolerable soil erosion rates. Conventionally, SOM build up is not 
considered for soil formation rates of mineral soils. Under what conditions 
those components of biochar that are very recalcitrant (e.g. residence time 
>1,000 yr) will reside in the soil matrix during their ‘life span’, is unknown at 
present. The interaction between biochar particles, mineral soil particles and 
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native organic matter (NOM), or OM that is applied with (or after) the biochar, 
is likely to play a major role (see Section 3.2.1 and 3.2.5). 
Wind erosion is caused by the simultaneous occurrence of three conditions: 
high wind velocity; susceptible surface of loose particles; and insufficient 
surface protection. Theoretically, if biochar particles are produced with water 
retention properties greater than the water retention capacity of the soil 
surface at a site, and if the biochar particles become a structural component 
of that surface soil (e.g. not residing on top of the soil surface), and possibly 
interacting with OM and mineral particles, then wind erosion rates at that site 
may be reduced, all other factors remaining equal. The application of biochar 
dust to the soil surface (i.e. not incorporated) can pose risks via wind erosion 
of the dust particles and subsequent inhalation by people. Strict guidelines on 
biochar application strategies under specific environmental and land use 
conditions could prove sufficient to prevent this risk. 
Water erosion takes place through rill and/or inter-rill (sheet) erosion, and 
gullies, as a result of excess surface runoff, notably when flow shear stresses 
exceed the shear strength of the soil (Kirkby et al., 2000, 2004; Jones et al., 
2004). This form of erosion is generally estimated to be the most extensive 
form of erosion occurring in Europe. If biochar reduces surface runoff, then, 
logically, it will reduce soil loss by water erosion, all other factors remaining 
equal. Surface runoff can be reduced by increased water holding capacity 
(decreasing saturation overland flow) or increased infiltration capacity 
(decreasing infiltration excess – or Hortonian - overland flow) of the topsoil. 
Under specific environmental conditions, it seems that biochar with large 
water retention properties could diminish the occurrence of saturation 
overland flow. This effect could be enhanced when biochar addition leads to 
stabilisation of NOM, or OM that is added with, or after, the biochar. Infiltration 
excess overland flow depends more on soil structure and related drainage 
properties. In particular the soil surface properties are important for this 
mechanism. It is not inconceivable that specific biochar particles can play a 
role in increasing infiltration rates, however, other biochar particles could also 
lead to reduced infiltration rates when fine biochar particles fill in small pore 
spaces in topsoils, or increased hydrophobicity (Section 3.1). In addition, and 
this could be an overriding factors at least in the short term, the biochar 
application strategy and timing is a potential source of topsoil and/or subsoil 
compaction (Section 1.8) and, thereby, reduced infiltration rates. 
It stands to reason that under those conditions where surface runoff is 
reduced by biochar application, possibly as part of a wider package of soil 
conservation measures, a concomitant reduction in flooding occurrence and 
severity may be expected, all other factors remaining equal. However, as 
stated at the beginning of this section, experimental evidence of biochar 
application on erosion was not encountered in the scientific literature, nor was 
it for flooding. On the other hand, under conditions where biochar application 
leads to soil compaction (see Section 1.8) runoff may be increased leading to 
more erosion. Research is needed into all aspects of effects from biochar 
addition to soil loss by erosion described here, and in particular into the 
mechanisms behind the effects. Even a small effect may be worthwhile 
considering estimates of the cost to society from erosion. For example annual 
costs have been estimated to be £205 million in England and Wales alone 
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and $44 billion in the U.S.A. (Pimentel et al., 1995). In addition, active and 
targeted modification of the water retention function of specific soils could be 
considered in the context of scenarios of adapting to changing rainfall patterns 
(seasonal distribution, intensity) with climate change. In the future, climate 
change looks likely to increase rainfall intensity over large areas of Europe, if 
not annual totals, thereby increasing soil erosion by water, although there is 
much uncertainty about the spatio-temporal structure of this change as well as 
the socio-economic and agronomic changes that may accompany them (e.g. 
Boardman and Favismortlock, 1993; Phillips et al.,1993; Nearing et al., 2004). 

4.2 Decline in soil organic matter 
Decline in SOM is defined as a negative imbalance between the build-up of 
SOM and rates of decomposition leading to an overall decline in SOM 
contents and/or quality, causing a deterioration or loss of one or more soil 
functions (Jones et al., 2008). 
The interaction between biochar and NOM, or OM that is added with the 
biochar, or afterwards, is complex. Many mechanisms have been identified 
and are discussed in this report, i.e. priming effect, residue removal, liming 
effect, organomineral interactions, aggregation and accessibility.  
 

 

Biochar replacing peat extraction 
 
If biochar is engineered to have good plant-available water properties as well as 
nutrient retention, it could come to replace peat as a growing medium in 
horticulture (also agriculture), and as a gardening amendment sold in garden 
centres. Peatlands currently used (‘mined’) for peat extraction could then be 
restored with substantial benefits to their functioning and the ecosystem services 
which they provide, e.g. maintenance of biodiversity, C sequestration, water 
storage, etc. Janssens et al. (2005) reported that undisturbed European 
peatlands sequester C at a rate of 6 g m-2 total land area, while peat extraction 
caused a C loss of 0-36 g m-2 total land area. Janssens et al. (2003) estimated a 
net loss of 50 (±10) Mt yr-1 for the European continent, which is equivalent to 
around 1/6 of the total yearly C loss from European croplands. However, this 
value is likely to be greater when also considering C emissions associated with 
continued decomposition at abandoned peat mines (Turetsky et al., 2002), 
transport to processing plant, transport to market, and decomposition of the 
applied peat (e.g. in a life cycle assessment; Cleary et al., 2005). 

 

4.3 Soil contamination 
Recently, increasing knowledge on the sorption capacity of biochar has had 
two environmentally important outcomes. Firstly, the realisation that biochar 
addition to a soil can be expected to improve its overall sorption capacity, and 
consequently influence the toxicity, transport and fate of any organic 
compounds, which may be already present or are to be added to that soil (see 
Section 3.2.2). Secondly, enhanced awareness that biochar from widely 
available biomass resources can be applied to soils and sediments as a low-
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cost and low-environmental-impact mitigation/remediation strategy for 
common environmental pollutants.  
The latter outcome appears to be even more attractive when considering the 
time and cost benefits associated to biochar production, relatively to that of 
activated carbon in various applications. Activated carbon results from 
activating (involving partial oxidation) a charcoal precursor by means of 
exposing it to CO2, steam or acid at high temperatures, in order to further 
increase its surface area (per gram; McHenry, 2009). Overall, evidence 
suggests that biochar and activated carbon have comparable sorption 
affinities, as demonstrated by Tsui and Roy (2008), using compost biochar 
(pyrolysis temperatures ranging between 120-420°C) and corn stillage 
activated carbon for removal of the herbicide atrazine in solution (1.7 mg L-1). 
In fact, the effectiveness of activated carbon over that of wood biochar has 
been questioned in some instances (Pulido et al., 1998; Wingate et al., 2009), 
but this aspect remains far from fully evaluated.  
Wingate et al. (2009) have very recently patented the development and 
application of charcoal from various plant and crop tissues (leaves, bark and 
stems) of ammonium (NH4

+) and heavy metal-contaminated environments 
(soil, brown-field site, mine tailings, slurry, and aqueous solution). Heavy 
metal ions are strongly adsorbed onto specific active sites containing acidic 
carboxyl groups at the surface of the charcoal (e.g. Machida et al., 2005). 
Surprisingly, the mechanism of metal uptake by charcoals appears to involve 
replacing pre-existing ions contained in the charcoal (e.g. K, Ca, Mg, Mn, 
excluding Si), with the metal ion, suggesting a relationship between the 
mineral content of the charcoal and its remediation potential for heavy metals 
(Wingate et al., 2009).  
In the soil environment, biochar has already been shown to be effective in 
mitigating mobility and toxicity of heavy metals (Wingate et al., 2009) and 
endocrine disruptors (Smernik, 2007; Winsley, 2007). However, very little 
work of this kind has been accomplished and data is still scarce. It is likely 
that soil heterogeneity and the lack of monitoring techniques for biochar in this 
environment may partly explain such a gap. The previous discussion on 
contaminant leaching over time as a consequence of biochar aging in the 
environment (see Section 3.2.1) does not necessary mean that its high 
remediating potential should be disregarded. For example, it could be 
employed as a ‘first-instance’ pollutant immobilisation from point sources. 
Also, biochar’s higly porous matrix might be ideal as carrier for microrganisms 
as part of bioaugmentation programs for specific sites, where indigenous 
microbial populations are scarce or have been suppressed by the 
contaminant (Wingate et al., 2009). In this context, for instance, Wingate et al. 
(2009) have reported the successful application of charcoal carrying 1010 
hydrocarbon degraders (per gram of charcoal) in diesel-polluted sites, 
resulting in 10 fold enhancement of hydrocarbon degradation in this 
environment. Clearly, it is likely that appropriate regulatory requirements for 
cleanup and closure would be needed before any remediation plan involving 
biochar could be implemented. Experimental evidence is required in order to 
verify this.      
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There is also evidence that it is possible to use biochar’s sorptive capacity in 
water and wastewater treatments (Wingate et al., 2009), whereas the use of 
activated carbon for removal of chlorine and halogenated hydrocarbons, 
organic compounds (e.g. phenols, PCBs, pesticides) and heavy metals 
(Boateng, 2007) has long been established. Crop residue (mainly wheat) 
biochar produced at temperatures between 300°C and 700°C has already 
shown potential for removal of sulphate (Beaton, 1960), benzene and 
nitrobenzene from solution (Chun et al., 2004), while bamboo charcoal 
powder has been effective in uptake of nitrate from drinking water (Mizuta et 
al., 2004). Other studies in aqueous media have reported biochar’s capacity 
to adsorb phosphate and ammonium (Lehmann et al., 2002; Lehmann et al., 
2003, 2003b), with further applications having been reviewed by Radovic et 
al. (2001). In the context of water treatment, Sohi et al. (2009) have pointed 
out that a higher control over the remediation process would be achievable, 
comparatively to that in soil. 
The possibility of using ‘engineered’ (or ‘tailor-made’) biochar (Pastor-Villegas 
et al., 2006) in order to meet the requirements for a specific remediation plan 
looks increasingly promising. As the mechanisms of biochar production, 
behaviour and fate, as well as its impact on ecosystem health and functioning 
become increasingly well understood, biochar can be optimised to deliver 
specific benefits (Sohi et al., 2009). Nevertheless, data on competitive 
sorption in soils and sediments emphasize the need for a full characterisation 
of the contaminated site and the coexisting chemical species before any 
remediation plan involving biochar is put in place. 

4.4 Decline in soil biodiversity 
Decline is soil biodiversity is defined as a ‘reduction of forms of life living in the 
soil (both in terms of quantity and variety) and of related functions, causing a 
deterioration or loss of one or more soil functions‘ (Jones et al., 2008). There 
is evidence of decline in soil biodiversity in some specific cases. For example, 
the Swiss Federal Environment Office has published the first-ever “Red List” 
of mushrooms detailing 937 known species facing possible extinction in the 
country (Swissinfo 2007). In another instance, the New Zealand flatworm is 
increasing in numbers and extent and potentially poses a great threat to 
earthworm diversity in the UK with a 12% reduction in earthworm populations 
in some field sites in Scotland already reported (Boag et al. 1999). Changes in 
earthworm community structure have been also recorded (Jones et al., 2001). 
The exact impacts of a decline in soil biodiversity are far from clear, due to 
complications by such phenomena as functional redundancy. However, it is 
clear that any decline in soil biodiversity has the potential to compromise 
ecosystem services, or at least reduce the resistance of the soil biota to 
further pertubations. Although evidence exists for declines in soil biodiversity 
in some specific cases, it is a highly depauperate area of research. However, 
no studies have been published to date looking at how biochar additions to 
soil can be used to restore soil biodiversity to previous levels in any given 
area. 
Threats to soil biodiversity consist of those soil threats as described in the 
Thematic Strategy for Soil Protection (COM(2006) 231) and as such, in those 

 105



 

situations where biochar either helps the mitigation of, or increases the 
problem of, it is likely that knock on effects for the soil biota will occur. 

4.6 Soil compaction 
Soil compaction is defined as the densification and distortion of soil by which 
total and air-filled porosity are reduced, causing a deterioration or loss of one 
or more soil functions (Jones et al., 2008). 
The effects of biochar on soil compaction have been studied very little. Both 
potential positive and negative effects may occur, for topsoil as well as subsoil 
compaction. Whereas topsoil compaction is ‘instantaneous’, subsoil 
compaction is a cumulative process leading to densification just below the 
topsoil over the years. A biochar application strategy, where application 
occurs every year, is, therefore, a greater risk of subsoil compaction than a 
‘single application’ biochar strategy. An obvious risk of compaction is the 
actual application of biochar itself. When applied with heavy machinery and 
while the water-filled pore volume of soil is high, the risk of compaction 
increases. Biochar also has a low elasticity, measured by the relaxation ratio 
(R), which is defined as the ratio of the bulk density of the test material under 
specified stress to the bulk density after the stress has been removed. Straw 
has a very high elasticity ratio and, therefore, when straw is charred and 
applied as biochar instead of fresh straw, the resilience of the soil to 
compactive loads is reduced, all other factors remaining equal. The bulk 
density of biochar is low and, therefore, adding biochar to soil can lower the 
bulk density of the soil thereby reducing compaction. However, when biochar 
is applied as very fine particles, or when larger biochar particles disintegrate 
in arable soils under influence of tillage and cultivation operations, these can 
fill up small pores in the soil leading to compaction. 
Compaction by machinery may be prevented relatively easily by promoting 
sound soil management. However, compaction by the behaviour of biochar 
particles in the soil has received very little attention in research so far and 
mechanisms are understood poorly. 

4.7 Soil salinisation 
Soil salinisation is defined as the accumulation of water soluble salts in the 
soil, causing a deterioration or loss of one or more soil functions. The 
accumulated salts include sodium-, potassium-, magnesium- and calcium- 
chlorides, sulphates, carbonates and bicarbonates (Jones et al., 2008). A 
distinction can be made between primary and secondary salinisation 
processes. Primary salinisation involves accumulation of salts through natural 
processes as physical or chemical weathering and transport processes from 
salty geological deposits or groundwater. Secondary salinisation is caused by 
human interventions such as inappropriate irrigation practices, use of salt-rich 
irrigation water and/or poor drainage conditions (Huber et al., 2009). Salts 
associated with biochar should be considered as a potential source for 
secondary salinisation. 
Various salts can be found in the ash fraction of biochar, depending mostly on 
the mineral content of the feedstock. Indications are that the ash content of 
biochar varies from 0.5% - 55%. In classic charcoal manufacturing, ‘good 
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quality’ charcoal is referred to as having 0.5% – 5.0% ash (Antal and Gronli, 
2003). However, biochar produced from feedstocks such as switchgrass and 
maize residue have been reported to have an ash content 26% - 54% much of 
which as silica, while hardwood ash contains mainly alkali metals (Brewer et 
al., 2009). A wide range of trace elements have been measured in biochar 
ash, e.g. boron, cupper, zinc, etc., however, the most common elements are 
potassium, calcium, silicon and in smaller amounts aluminium, iron, 
magnesium, phosphorus, sodium and manganese. These elements are all in 
oxidised form, e.g. Na2O, CaO, K2O, but can be reactive or soluble in water to 
varying degrees. It is the ash fraction that provides the liming effects of 
biochar that is discussed as a potential mechanism of some reported 
increases in plant productivity (see Section 3.3). However, for soils that are 
salinised or are sensitive to become salinised, that same ash fraction might 
pose an increased threat. Surprisingly little work has been found on biochar 
ash and under what conditions it may become soluble and contribute to 
salinisation.  

4.8 Summary 
This chapter has described the interactions between biochar and ‘threats to 
soil’. For most of these interactions, the body of scientific evidence is currently 
insufficient to arrive at a consensus. However, what is clear is that biochar 
application to soils will effect soil properties and processes and thereby 
interact with threats to soil. Awareness of these interactions, and the 
mechanisms behind them, is required to lead to the research necessary for 
arriving at understanding mechanisms and effects on threats to soil, as well 
as the wider ecosystem. 
 





 

5. WIDER ISSUES 

5.1 Emissions and atmospheric pollution 
The high load of aerosol and pollutant emissions generated by wildfires and 
the combustion of fossil fuels explain much of the concern on biochar 
production being associated to high levels of particulate matter and 
atmospheric pollutants. Nevertheless, the type and composition of such 
emissions, including the way these are influenced by pyrolysis conditions and 
factors associated to biomass feedstock, are considerably less well 
understood (Fernandes and Brooks, 2003).  
Particulate matter emitted during pyrolysis is a main focus of human and 
environmental health concern based on what is known regarding the inherent 
toxicity associated to some types of fine and ultrafine particles, due to their 
small size and large surface area (Fernandes and Sicre, 1999). Whereas until 
recently, some cases of disease (e.g. respiratory and cardiac) associated to 
atmospheric pollution were thought to be caused by some particle types with 
dimensions up to 10 µm, recent progress has demonstrated that those 
responsible are mainly within the nano-size range. The U.S.A. Environment 
Protection Agency (EPA) has responded by putting forward new ambient 
standards on Air Quality for particulate matter <2.5 µm (PM2.5). Current 
annual mean limits are 40 µg m-3 and 20 µg m-3 for PM10 (<10 µm) and 
PM2.5 respectively (EPA, 2007), whereas ambient standards for sub-micron 
particles in the environment were not found. Besides the potential health risks 
associated to fine and ultrafine particle emissions, their direct and indirect role 
in climate change has also granted them wide attention. Further research 
involving characterisation of biochar-related particulate emissions during 
pyrolysis would be vital for assessing the true contribution of such emissions 
to ambient aerosols, as well as identifying processing conditions and 
technologies that may help reducing them. 
Typically, large amounts of organic and inorganic volatile compounds are 
emitted during biomass pyrolysis, particularly at temperatures exceeding 
500°C (Greenberg et al., 2005; Gaskin et al., 2008; Chan and Xu, 2009). 
Major volatile organic compounds emissions from pyrolysis (30 to 300oC) of 
leaf and woody plant tissue (pine, eucalyptus and oak wood, sugarcane and 
rice) included acetic acid, furylaldehyde, methyl acetate, pyrazine, terpenes, 
2,3 butadione, phenol and methanol, as well as smaller quantities of furan, 
acetone, acetaldehyde, acetonitrile and benzaldehyde (Greenberg et al., 
2005). At treatment temperatures between 300 and 600°C, heat- and mass- 
transfer rates are high, resulting in a gas-forming pathway dominating the 
pyrolysis process, being linked to the production of heavy molecular weight 
(tarry) vapours of highly diverse composition (Amonette and Joseph, 2009). At 
temperatures around that lower limit, these tars remain trapped within 
micropores of the carbonaceous residue but become volatile for higher 
temperatures. While the majority of such vapours are commonly recovered 
from the gas stream as bio-oil using a condensation tower (Amonette and 
Joseph, 2009), a significant proportion is still emitted into the atmosphere, 
especially where simple charcoal kilns are used.  
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Emissions of PAHs resulting from both natural (e.g. forest fires, volcanic 
eruptions) and anthropogenic sources (e.g. burning of fossil fuels) are 
recognized as relevant environmental pollutants (Pakdel and Roy, 1991). 
Secondary chemical reactions during thermal degradation of organic material 
at high temperatures (>700°C), is generally associated to the generation and 
emission of heavily condensed and highly carcinogenic and mutagenic PAHs 
(Ledesma et al., 2002; Garcia-Perez, 2008). Nevertheless, some evidence 
also exists that PAHs can be formed within the temperature range of pyrolysis 
(350-600°C). These low-temperature generated PAHs are highly branched in 
nature and appear to carry lower toxicological and environmental implications 
(Garcia-Perez, 2008). Preliminary results from a recent study have shown that 
the amount of biochar-related PAH emissions from traditional feedstocks 
remain within environmental compliance (Jones, 2008).  
Dioxins (PCDD) and furans (PCDF) are planar chlorinated aromatic 
compounds, which are predominantly formed by combustion of organic 
material in the presence of chlorine and metals, at temperatures exceeding 
1000°C (Lavric et al., 2005; Garcia-Perez, 2008). Wood (accidental fires, 
wildfires and wood wastes) is an important air emission source for dioxins 
(Lavric et al., 2005). While combustion of firewood and pellets in residential 
stoves, as well as paper and plastic wastes, are well know for emitting high 
loads of dioxins (Hedman et al., 2006), actual emission factors and 
corresponding activity rates remain poorly assessed (Lavric et al., 2005). No 
experimental evidence was found confirming dioxin emissions from pyrolysis 
of traditional biomass feedstocks used in biochar production. 
The emission of atmospheric pollutants during biochar production requires a 
full evaluation. This assessment is vital for establishing whether such 
emissions may cancel out benefits such as carbon sequestration potential. 
Such an evaluation should focus beyond a qualitative and quantitative 
characterisation of those pollutants, and should include the pyrolysis 
operational conditions and technologies required to reduce their emissions yto 
acceptable levels. Evidence in the literature suggests that a certain degree of 
control in respect to biochar-related emissions can be achieved through the 
use of traditional feedstock materials and lower (<500°C) temperature 
pyrolysis. Whereas this aspect looks promising in relation to Air Quality, 
current biochar-producing technologies remain largely inefficient. According to 
Brown (2009), there is still wide room for improvement in the context of both 
energy consumption and atmospheric emissions, particularly when traditional 
gasifiers are concerned. At this level, the author identifies specific goals for 
optimal biochar production, among which are the use of continuous feed 
pyrolisers and an effective recovery of co-products (Brown, 2009). A detailed 
analysis on current and future biochar technologies aiming for a more 
‘environmentally friendly’ biochar production is also provided.  
Collison et al. (2009) in a report to EEDA, reminded that generation and 
emission of environmental pollutants as well as the incidence of health and 
safety issues associated to biochar production, transport and storage, is 
probably of greater concern for small-scale pyrolysis units, particularly in 
developing countries. It is often the case, that such smaller units lack the 
knowledge and/or financial support, to comply to the environmental standards 
(Brown, 2006). A joint effort is necessary to overcome this gap, which 
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includes the use of clean pyrolysis technologies (Lehmann et al., 2006) and 
the establishment of tight policy and regulations in respect to biochar 
production and handling. Furthermore, adequate educating and training, and 
perhaps the granting of governmental financial support would allow putting in 
place equipment and measures, aiming to minimise environmental and 
human exposure to emissions linked to biochar production. 

5.2 Occupational health and safety 
Biochar production facilities, as well as those associated to transportation and 
storage may pose an Occupational Health hazard for the workers involved, 
particularly when exposure to biochar dust is concerned (Blackwell et al., 
2009). In addition, health and fire hazards are related directly to the key 
physical properties of biochar determining the suitability for a given application 
method (Blackwell et al., 2009). However, any discussions and 
recommendations in the context of health and safety can only be addressed 
generally, given the heterogeneity among biochars. Further research on acute 
and chronic exposure to biochar dust, in particular to its nano-sized fraction, 
remains scarce and is thus identified as a priority.  
‘Nanoparticle’ has been used broadly to refer to those particles within biochar 
dust (e.g. fullerenes or fullerene-like structures, crystalline forms of silica, 
cristobalite and tridymite), with at least one dimension smaller than 100 nm. 
Two major aspects distinguish them from the remaining larger-sized 
microparticles: large surface area and high particle number per unit of mass, 
which may signify a 1000-fold enhanced reactive surface (Buzea et al., 2007). 
Such reactivity and their small size widely explain their hazardous potential. 
Several reports have focused on their ability to enter, transit within and 
damage living cells and organisms. This capacity is partly consequence of 
their small size, enabling easy penetration through physical barriers, 
translocation trough the circulatory system of the host, and interaction with 
various cellular components (Buzea et al., 2007), including DNA (Zhao et al., 
2005).  
Most toxicological and epidemiological studies using fish, mice and 
mammalian cell lines (Andrade et al., 2006; Moore et al., 2006; Oberdorster et 
al., 2006; Nowack et al., 2007) demonstrate an inflammatory response in the 
cell or animal host (Donaldson et al., 2005). In biological systems, 
nanoparticles are known to generate disease mainly by mechanisms of 
oxidative stress, either by introducing oxidant species into the system or by 
acting as carriers for trace metals (Oberdorster, et al., 2004; Sayes et al., 
2005). Those studies have also demonstrated that oxidative stress may result 
ultimately in irreversible disruption of basic cellular mechanisms such as 
proliferation, metabolism and death. However, extrapolating such effects to 
humans remains a challenge, and any outcomes are expected to be 
dependent on various factors relating to exposure conditions, residence time 
and inherent variability of the host (Buzea et al., 2007).  
Exposure to nanoparticles within biochar dust (e.g. carbon-based NP, 
crystalline silica) appears to have associated health risks primarily for the 
respiratory system (e.g. Borm et al., 2004; Knaapen et al., 2004) and the 
gastrointestinal tract (e.g. Hussein et al., 2001). If inhalation of biochar dust 
should occur, measures which rapidly enhance airway clearance (e.g. 
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mucociliary rinsing with saline solution), and reduce inflammatory and allergic 
reactions (e.g. sodium cromoglycate) should be promptly carried out (Buzea 
et al., 2007). On the other hand, dermal uptake of combustion-derived 
nanoparticles was also found to occur, although this issue remains a 
controversial one. It has been suggested that nanoparticle incursion through 
the skin may occur at hair follicles (Toll et al., 2004), as well as broken 
(Oberdörster et al., 2005) or flexed (Tinkle et al., 2003) skin, depending 
mainly on particle size.  
Besides unusually high levels (up to 220 g kg-1) of silica, highly toxic 
crystalline forms of cristobalite and tridymite have also been found in rice husk 
biochars produced at temperatures above 550°C. Blackwell et al. (2009) did 
not hesitate in recommending careful handling, transport and storage of rice 
husk biochar as well as strict quality control measures for its production. 
Regarding those mineral forms, Stowell and Tubb (2003) have recommended 
maximum exposure limits of 0.1, 0.05 and 0.05 mg m-3 for crystalline silica, 
cristobalite and tridymite respectively. In comparison, those authors have 
suggested that current maximum exposure limits for crystalline silica (given as 
an example) assigned by the UK (0.3 mg m-3) and the US (10 mg m-3 divided 
by the percentage of SiO2) may be too high. 
In the context of Occupational Health, reducing biochar dust exposure 
requires tight health and safety measures to be put in place. For biochars 
containing a large proportion of dust, health risks associated to safe transport 
and storage, as well as application, may be reduced using dust control 
techniques (Blackwell et al., 2009). For example, covering or wrapping 
biochar heaps or spraying the surface with stabilising solutions can minimise 
the risk of exposure during transport and storage. In regard to reducing dust 
formation during application, especially with concern to uniform topsoil mixing 
and top-dressing, water can be used to support on-site spreading (when 
spreading is appropriate) (Blackwell et al., 2009).  
It has been reported that generation of free-radicals during thermal 
(120°C<T<300oC) degradation of lignocellulosic materials, may be 
responsible for the propensity of fresh biochars to spontaneously combust 
(Amonette and Joseph, 2009), particularly at temperatures <100°C (Bourke et 
al., 2007). The free-radicals are primarily produced by thermal action on the 
O-functionalities and mineral impurities within the source material. Under 
certain conditions, an excessive accumulation of free-radicals at the biochar 
surface (Amonette and Joseph, 2009) and within its micropores (Bourke et al., 
2007) might occur. The proportion of free-radicals in biochar is primarily 
dependent on the temperature of pyrolysis, and generally decrease with 
increasing operation temperatures (Bourke et al., 2007). 
There is also evidence that an excessive accumulation of biochar dust in 
enclosed spaces may enhance its pyrophoric potential, as recently reported 
with coal dust in mines (Giby et al., 2007). To tackle this issue, increasing 
biochar density through pelleting may be advisable (Werther et al., 2000). In 
addition, the volatile (e.g. aldehydes, alcohols and carboxylic acids) content of 
biochar (as influenced by biomass feedstock and operation conditions; Brown 
2009) may also constitute a fire hazard during transport, handling and storage 
(Werther et al., 2000), and should be taken into account.  
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Overall, increasing awareness of biochar flammability means that avoiding 
biochar storage with neighbouring residential buildings and goods is 
advisable. Nevertheless, successful attempts to reduce the risk of combustion 
of rice husk char by adding fire retardants (e.g. boric acid, ferrous sulphate; 
Maiti et al., 2006) and inert gases for removal of atmospheric O2 (Naujokas, 
1985) have been reported. There is also sound proof of the effective use of 
water in assisting cooling of a wide range of carbonaceous materials, 
including charcoals (Naujokas, 1985). 

5.3 Monitoring biochar in soil 
Research methodologies for comparing different biochars produced under 
laboratory conditions already have been put in place, based on work involving 
charcoal and other BCs. Currently, 13C nuclear magnetic resonance (NMR) 
and mid-infrared spectroscopy appear to be reliable methods for providing 
compositional characterisation (at the functional group level) of biochar, as 
well as differentiation between biochar products. Nevertheless, using such 
methods for routine purposes is expensive and time consuming, particularly 
when a large number of samples is involved. An efficient, rapid and 
economically feasible method for long-term routine assessment of biochar in 
soil has not yet been described. Furthermore, at the present, it is perhaps 
more important for research to focus on assessing and comparing between 
biochar produced under industrial and field conditions. 

5.4 Economic Considerations 
There is no established business model in the sense of industry-wide 
accepted set of standards of production, distribution and use of biochar. In 
fact, even the term “biochar industry” would be misplaced. What exists 
currently is a multitude of start-up companies and other entities experimenting 
with alternative pyrolysis technologies operating at various scales.  
Two important considerations with respect to the operation of any biochar 
system are: the scale of the biochar operation, and how the feedstock is 
sourced (intentional or dedicated). Biochar can be produced in a centralised, 
industrial fashion, or can adopt a small-scale, local approach. Regarding 
feedstocks, one can distinguish between an open and a closed system. In a 
closed system, the pyrolised material essentially consists of agricultural and 
forestry residues (byproduct), whereas the open system envisages the 
growing of biomass dedicated to pyrolysis as well as off-site waste products 
(e.g. sewage sludge). The distinction along these lines is important because 
of the different economic implications associated with the respective biochar 
systems and it also gives rise to another distinction between private and 
social costs and benefits. 

5.4.1 Private costs and benefits 
The private costs and benefits determine the commercial viability of any 
biochar operation and are a combination of biochar’s value as a soil additive, 
as a source of carbon credits and as an energy source. Crudely, the cost-
revenue structure of a biochar system could be broken down as follows 
(McCarl et al., 2009; Collison et al., 2009).On the revenue side, the following 
sources of value should be considered:  
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• sale of pyrolysis-derived energy co-products; 
• value of biochar as a soil amendment;  
• value of biochar as a source of carbon credits. 
Potential value to farmers, if any, could arise from increases in crop yield, 
although current evidence indicates a relatively small overall effect (see 
Section 3.3) and plant production is likely to vary considerably for 
combinations of environmental factors and crop types (see Sections 3.3). 
Additional economic benefits, in the form of reduced production costs, may 
also come about from a reduction in fertilizer application or liming (both very 
dependent on biochar quality and quantity as well as frequency of application, 
see Section 1.8). Irrigation costs could also potentially be reduced if biochar 
application leads to enhanced water retention capacity, which evidence 
suggests may be possible at least for sandy soils (see Section 3.1.2). 
However, although the intention of biochar is to improve the soil it can also be 
envisaged that unforeseen effects on the soil, due to improper management, 
would actually lead to an increase in production costs. 
For example, when (sub)soil compaction is caused during biochar application 
to the soil, subsequent subsoiling operations to alleviate the compaction 
would incur a cost. Due to the lack of a functioning biochar industry, it is not 
yet clear whether any payments for carbon credits will accrue to the land 
owners or the biochar producers. Either way, the economic viability of the 
carbon offsetting potential could be limited owing to the potentially high 
monitoring and verification costs (Gaunt and Cowie, 2009). Regardless whom 
the proceeds from carbon credits accrue to, their value should reflect not only 
the carbon sequestration potential of biochar but also the reduced emissions 
due to lower fertiliser applications, as well as emissions from the 
transportation needs of biomass and biochar. Accounting for these indirect 
emissions might add to the costliness of certifying any carbon credits and, 
thus, further undermine its profitability.  
The cost elements of the equation are the following: 
• cost of growing the feedstock (in case of an open system); 
• cost of collecting, transporting and storing the feedstock; 
• cost of pyrolysis operation (purchase of equipment, maintenance, 

depreciation, labour); 
• cost of transporting and applying the biochar 
Despite the large uncertainties on biochar costs and benefits, the following 
factors ought to be taken into account. First, it is clear that the private costs 
and benefits of a biochar operation will vary depending on the scale of the 
operation. Biochar production at an industrial scale implies significantly higher 
costs of transporting the feedstock and the biochar produced from it than 
when produced at a small scale. System analysis studies will be of great help 
in understanding these issues. Higher transportation needs also lead to higher 
GHG emissions, as more fuel is needed for hauling the biomass and the 
biochar. The increased emissions need to be accounted for and included in 
the carbon offsetting potential of biochar, which would reduce the biochar’s 
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value as a source of carbon credits. On the other hand, industrial production 
of biochar means that bigger pyrolysis plants could generate economies of 
scale, which would bring the average cost of producing biochar down. 
Another factor that may influence the commercial appeal and the reliability in 
the supply of biochar is the fact that biochar is only one co-product of 
pyrolysis, the other ones being syngas and bio-oil. Different types of pyrolysis 
(fast vs. slow) will yield different proportions of these products (see Section 
1.6), and biochar with varying properties, for a given amount of feedstock. 
This means that decisions pertaining to the quantity and quality of produced 
biochar will depend on the economic attractiveness of the other two products 
and not just on the cost elements of biochar production and the demand for 
biochar. For instance, if demand for bio-oil and syngas increases, the 
opportunity cost of biochar production will increase, thus shifting production 
away from it and rendering it relatively more expensive.  Such flexibility in 
production is, of course, a welcome trait for pyrolysis operators, but adds an 
extra layer of unpredictability that might dampen demand for biochar as a soil 
amendment and as a potential source of carbon credits.  
As biochar development and adoption are still at an early stage, there is 
currently very little quantitative information on these costs and benefits. 
McCarl et al. (2009) undertook a cost benefit analysis (CBA) of a pyrolysis 
operation in Iowa that uses maize crop residues as feedstock. Assuming a 5 t 
ha-1 biochar application and a 5% increase in yields, they conclude that both 
fast and slow operations are not profitable at current carbon and energy 
prices, with a net present value of about -$44 and -$70 (per tonne of 
feedstock) respectively. 

 

Figure 5.1 Effect of transportation distance in biochar systems with bioenergy production using 
the example of late stover feedstock on net GHG, net energy and net revenue (adopted from 
Roberts et al., 2009) 

Roberts et al. (2009) calculate the economic flows associated with the 
pyrolysis of three different feedstocks (stover, switchgrass and yard waste). 
They find that the economic profitability depends very much on the assumed 
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value of sequestered carbon.  At $20 t-1 CO2e, only yard waste makes 
pyrolysis operation profitable, whereas at a higher assumed price of $80 t-1 
CO2e, stover is moderately profitable ($35 t-1  of stover), yard waste 
significantly so ($69 t-1  of waste), but switchgrass is still unprofitable. The 
point that is made is that despite the revenues from the biochar and energy 
products for all feedstocks, the overall profitability is reduced by the cost of 
feedstock collection and pyrolysis, even when CO2 is valued at $80 t-1, while 
the costs of feedstock and biochar transport and application play a smaller 
role. Figure 5.1 illustrates the effect that increased transportation distance has 
on net GHG, net energy and net revenue for a pyrolysis operation using 
stover as a feedstock. 
In a somewhat less sophisticated attempt to estimate costs and benefits, 
Collison et al. use a hypothetical case study of biochar application in the East 
of England, without, however, taking into account the costs of biochar 
production, distribution and application. They estimate an increase in 
profitability of the order of £545 ha-1 for potatoes and £143 ha-1 for feed 
wheat.  
Similarly, Blackwell et al. (2007) estimated the wheat income benefits for 
farmers in Western Australia by carrying out a series of trials of applying 
varying rates of mallee biochar and fertiliser. The trials produced benefits of 
up to $96 ha-1 of additional gross income at wheat prices of $150 ha-1. Again, 
no account was taken of the costs of biochar production. 
The lesson to be taken from such studies is that at this early stage, any CBA 
is an assumption-laden exercise that is prone to significant errors and 
revisions as more information becomes available on pyrolysis technologies 
and the agronomic effects of biochar.  

5.4.2 Social costs and benefits 
The social costs and benefits closely follow from the private ones but can be 
quite hard to monetize, or even model. Like the private ones, they also 
depend on the type of biochar system that is adopted. If an open system is 
adopted, the biggest concern is that the drive for larger volumes of biochar 
may lead to unsustainable land practices, causing significant areas of land to 
be converted into biomass plantations. Such competition for land could 
encourage the destruction of tropical forests directly or indirectly, via the 
displacement of agricultural production. The latter possibility could also have 
negative consequences on the prices and the availability of food crops, much 
like in the case of the market for biofuels.  
However, these social costs are not inevitable. Tropical deforestation could be 
avoided if, for instance, biomass is grown sustainably on land previously 
deforested. Moreover, any adverse effects of growing biochar feedstock on 
food security and availability could be mitigated by the biochar-induced gains 
in crop yields (see Section 3.3). Furthermore, wide, health-related social 
benefits can be ascribed to biochar’s potential for land remediation and 
decontamination. Of course, the biggest source of social benefits would be 
biochar’s climate change mitigation potential. 
This section has briefly sketched the economic considerations that ought to 
be taken into account when planning for the development of a biochar system. 
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For biochar to be successful it must not only deliver on its environmental 
promise but it should also be commercially viable.  
The profitability of any biochar operation will depend mainly on its potential to 
attract revenue as a soil additive and carbon sink and will be affected by the 
type of production (open vs. closed, local vs. centralised), which can in turn 
result in environmental and economic spillovers.  Moreover, the demand for 
biochar will be influenced by, and will indeed influence the demand for 
biofuels, as a byproduct of pyrolysis, the demand for products such as 
manure and compost and the price of carbon in the carbon markets.    
Which shape and direction the biochar industry is likely to take is very much 
unknown at this stage. However, any outcomes will be greatly influenced by 
policy measures on energy, agriculture and climate change. The interplay and 
interdependence of such policies call for a holistic, systemic assessment of 
the opportunities and pitfalls presented by biochar. 
 

5.5 Is biochar soft geo-engineering? 
Geo-engineering is the artificial modification of Earth systems to counteract 
the consequences of anthropogenic effects, such as climate change. Large-
scale (industrial) deployment of biochar thus qualifies as a geo-engineering 
scheme. Geo-engineering is very controversial and the primitive nature of 
geo-engineering schemes has been likened to a planetary version of 19th 
century medicine (Lovelock, 2007). Furthermore, panaceas often fail (Ostrom 
et al., 2007).  However, biochar may be considered a ‘softer’ form of geo-
engineering compared to more intrusive schemes. Especially if used with 
certain feedstocks under certain conditions and compared to those geo-
engineering proposals that focus on lowering temperature rather than 
reducing GHG emissions or sequestering carbon. Indeed, biochar has been 
promoted as a lower-risk strategy compared to other sequestration methods 
(Lehmann, 2007). Nevertheless, deploying biochar on a scale with a 
mitigative effect entails a large construction of necessary infrastructure and a 
very intrusive impact on the way agriculture is performed. 
The scalability of biochar is both a potential strength and a potential 
weakness. As noted by Woods et al. (2006) ‘one is sometimes left the 
impression that the biochar initiative is solely directed towards agribusiness 
applications’. However, several trials exist in collaboration with smallholder 
farmers, the closest approximation to the original Terra Preta formation. Small 
scale biochar systems that lead to a reduction of net GHG emissions have 
been suggested to be part of C offset mechanisms and so possibly contribute 
to soil C storage in Africa (Whitman and Lehmann, 2009). However, given the 
extensive use of biomass burning for energy in Africa, one of the potential 
problems will relate to the willingness of farmers to forego an energy source 
(biochar) once it has been created, which requires transparent certification 
and monitoring schemes if it is to be used in C credit trading schemes. 
To what extent are the motives, practices and input materials that led to the 
creation of the Terra Preta soils similar or different compared to today’s 
application of biochar to soil? A first obvious difference relates to the variety of 
inputs used in the formation of Terra Preta, compared to the limited number of 
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inputs (e.g. biochar, or mixtures of biochar and manure) currently proposed. 
This is an important consideration that determines how far the carbon storage 
properties (relative to ‘average’ agricultural soil with organic matter) and 
agronomic benefits of Terra Preta can reasonably be extrapolated.  
The recalcitrance of biochar components is estimated to be potentially 
hundreds or thousands of years (dependent on biochar properties, 
environmental conditions, and land use/soil management), or roughly one to 
two magnitudes higher than the breakdown of OM in the soil (Sections 3.2.1 
and 3.2.5.1). Biochar has been identified as the oldest fraction of SOM, 
confirming it recalcitrance to decomposition and mineralisation (Lehman and 
Sohi, 2007). The residence time and stability of biochar in Terra Preta soil are 
fairly robust, but are the result of extensive smallholder agriculture over tens 
to hundreds of years as opposed to intensive agriculture. The direct 
translation of these residence times to today’s intensive agricultural systems 
with the use of heavy machinery, and the possible accelerated disintegration 
and decomposition of biochar particles, with possible effects on biochar 
recalcitrance, remains questionable.  
Sequestering carbon with biochar seems to have potential in theory. Choices 
of feedstocks are critically related to the larger scale impacts and benefits of 
biochar. Use of specific organic waste (e.g. papermill waste) may be a 
reasonable first approach that circumvents the food vs. fuel debate (cf. 
biofuels, van der Velde et al., 2009). Hansen et al. (2008), using illustrative 
climate change mitigation scenarios, assumed waste-derived biochar to 
provide only a small fraction of the land use related CO2 drawdown, with 
reforestation and curtailed deforestation providing a magnitude more 
(Kharecha and Hansen, 2009). In line with estimates by Lehman et al. (2006), 
Hansen et al. (2008) assumed waste-derived biochar to “be phased in linearly 
over the period 2010-2020, by which time it will reach a maximum uptake rate 
of 0.16 Gt C yr--1”. This illustrates that waste-derived biochar can be a part of 
the mitigation options, although fundamental uncertainties associated with 
biochar remain.  
 

5.6 Summary 
Biochar can be produced from a wide range of organic feedstocks under 
different pyrolysis conditions and at a range of scales. The original feedstock 
used, combined with the pyrolysis conditions will affect the exact physical and 
chemical properties of the final biochar, and ultimately, the way and the extent 
to which soil dependent ecosystem services are affected. Preliminary 
evidence appears to suggest that a tight control on the feedstock materials 
and pyrolysis conditions (mainly temperature) may be enough in attenuating 
much of the current concern relating to the high levels of atmospheric 
pollutants (e.g. PAHs, dioxins) and particulate matter that may be emitted 
during biochar production, while implications to human health remain mostly 
an occupational health issue. Health (e.g. dust exposure) and fire hazards 
associated to production, transport, application and storage need to be 
considered when determining the suitability of the biochar for a given 
application, while tight health and safety measures need to be put in place to 
mitigate such risks for the worker, as well as neighbouring residential areas. 
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The profitability of any biochar operation will depend mainly on its potential to 
attract revenue as a soil additive and C sink and will be affected by the type of 
biomass feedstock and that of production (open vs closed, local vs 
centralised), which can, in turn, result in environmental and economic 
spillovers. Moreover, the demand for biochar, as a byproduct of pyrolysis, will 
be influenced by, and will indeed influence, the demand for biofuels, the 
demand for products such as manure and compost and the price of carbon in 
the carbon markets. Furthermore, the costs and benefits of a range of biochar 
operations and scenarios need to be quantified. Cost-benefit analyses ought 
to cast the net wide by accounting not only for commercial factors but also for 
social costs and benefits. 
 





 

6. KEY FINDINGS 
This chapter summarises the main findings of the previous chapters, 
synthesises between these and identifies the key research gaps. 

6.1 Summary of Key Findings 
This report has highlighted that large gaps in knowledge still exist regarding 
the effects (including the mechanisms involved) of biochar incorporation into 
soils. Considerable further research is required in order to maximise the 
possible advantages of such an application, while minimizing any possible 
drawbacks. For some potential effects very few or no data are available. For 
other effects data exist but they do not cover sufficiently the variation in 
relevant soil-environment-climate-management factors. Table 6.1 provides an 
overview of the key findings. In view of this, the possibility of qualifying 
biochar for carbon offset credits within the UNFCC as part of a post-Kyoto 
treaty seems premature at the present stage. Although an inclusion in the 
carbon credit systems would certainly boost the nascent biochar industry, 
current scientific knowledge of large-scale use of biochar in intensive 
agricultural systems has not reached a sufficient level for safe deployment. 
Best practices associated with production and application, quality standards, 
specifications that clarify land use conflicts and opportunities, monitoring of 
utilisation, and details on minimal qualification requirements for certification of 
biochar products, require further understanding of the C-sequestration 
potential and behaviour of biochar in the environment. 

Table 6.1 Overview of key findings (numbers in parentheses refer to relevant sections) 

   Description  Conditions  

Empirical evidence of 
charcoal in soils exists (long 
term)  

Biochar analogues (pyrogenic BC and charcoal) are found in 
substantial quanities in soils of most parts of the world (1.2-1.4)  

The principle of improving 
soils has been tried 
successfully in the past  

Anthrosols can be found in many parts of the world, although 
normally of very small spatial extent. Contemplation of Anthrosol 
generation at a vast scale requires more comprehensive, detailed 
and careful analysis of effects on soils as well as interactions with 
other environmental components before implementation (1.2-1.3 
and throughout)  

Plant production has been 
found to increase 
significantly after biochar 
addition to soils  

Studies have been reported almost exclusively from tropical regions 
with specific environmental conditions, and generally for very limited 
time periods, i.e. 1-2 yr. Some cases of negative effects on crop 
production have also been reported (3.3). 

Liming effect  Most biochars have neutral to basic pH and many field experiments 
show an increase in soil pH after biochar application when the initial 
pH was low. On alkaline soils this may be an undesirable effect. 
Sustained liming effects may require regular applications  (3.1.4) 
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High sorption affinity for 
HOC may enhance the 
overall sorption capacity of 
soils towards these trace 
contaminants   

Biochar application is likely to improve the overall sorption capacity 
of soils towards common anthropogenic organic compounds (e.g. 
PAHs, pesticides and herbicides), and therefore influence toxicity, 
transport and fate of such contaminants. Enhanced sorption 
capacity of a silt loam for diuron and other anionic and cationic 
herbicides has been observed following incorporation of biochar 
from crop residues (3.2.2) 
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Microbial habitat and 
provision of refugia for 
microbes whereby they are 
protected from grazing  

Biochar addition to soil has been shown to increase microbial 
biomass and microbial activity, as well as microbial efficieny as a 
measure of CO2 released per unit microbial biomass C. The degree 
of the response appears to be dependent on nutrient avaialbility in 
soils  

Increases in mycorrhizal 
abundace which is linked to 
observed increases in plant 
productivity    

Possibly due to: a) alteration of soil physico-chemical properties; b) 
indirect effects on mycorrhizae through effects on other soil 
microbes; c) plant–fungus signalling interference and detoxification 
of allelochemicals on biochar; or d) provision of refugia from fungal 
grazers (3.2.6)  

Increases in earthworm 
abundance and activity      

Earthworms have been shown to prefer some soils amended with 
biochar than those soils alone. However, this is not true of all 
biochars, particularly at high application rates (3.2.6)  

The use of biochar 
analogues for assessing 
effects of modern biochars 
is very limited  

Charcoal in Terra Preta soils is limited mainly to Amazonia and have 
received many diverse additions other than charcoal. Pyrogenic BC 
is found in soils in many parts of the world but are of limited 
feedstock types and pyrolysis conditions (Chapter 1)  

Soil loss by erosion  Top-dressing biochar to soil is likely to increase erosion of the 
biochar particles both by wind (dust) and water. Many other effects 
of biochar in soil on erosion can be theorised, but remain untested 
at present (4.1) 

Soil compaction during 
application  

Any application carries a risk of soil compaction when performed 
under inappropriate conditions. Careful planning and management 
could prevent this effect  (4.6) 

Risk of contamination Contaminants (e.g. PAHs, heavy metals, dioxins) that may be 
present in biochar may have detrimental effects on soil properties 
and functions. The ocurrence of such compounds in biochar is likely 
to derive from either contaminated feedstocks or the use of 
processing conditions that may favour their production. Evidence 
suggests that a tight control over the type of feedstock used and 
lower pyrolysis temperatures (<500oC) may be sufficient to reduce 
the potential risk for soil contamination (3.2.4) 

Residue removal   Removal of crop residues for use as a feedstock for biochar 
production can forego incorporation of the crop residue into the soil, 
potentially leading to multiple negative effects on soils (3.2.5.5)  

Occupational health and fire 
hazards 

Health (e.g. dust exposure) and fire hazards associated to the 
production, transport, application and storage of biochar need to be 
considered when determining the suitability for biochar application. 
In the context of occupational health, tight health and safety 
measures need to be put in place in order to reduce such risks. 
Some of these measures have already proved adequate (5.2)  
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Reduction in earthworm 
survival rates (limited 
number of cases) 

High biochar application rates of  >67 t ha-1 (produced from poultry 
litter) were shown to have a negative effect on earthworm survival 
rates, possibly due to increases in pH or salt levels (3.2.6) 

Empirical evidence is 
extremely scarce for many 
modern biochars in soils 
under modern arable 
management  

Biochar analogues do not exist for many feedstocks, or for some 
modern pyrolysis conditions. Biochar can be produced with a wide 
variety of properties and applied to soils with a wide variety of
properties. Some short term (1-2 yr) evidence exists, but only for a 
small set of biochar, environmental and soil management factors 
and almost no data is available on long term effect (1.2-1.4)  

C Negativity  The carbon storage capacity of biochar is widely hypothesised, 
although it is still largely unquantified and depends on many factors 
(environmental, economic, social) in all parts of the life cycle of 
biochar and at the several scales of operation (1.5.2 and Chapter 5) U
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Effects on N cycle  N2O emissions depend on effects of biochar addition on soil 
hydrology (water-filled pore volume) and associated microbial 
processes. Mechanisms are poorly understood and thresholds 
largely unknown (1.5.2)  
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Biochar Loading Capacity 
(BLC)  

BLC is likely to be crop as well as soil dependent leading to potential 
incompatibilities between the irreversibility of biochar once applied 
to soil and changing crop demands (1.5.1) 

Environmental behaviour 
mobility and fate  

The extent and implications of the changes that biochar undergoes 
in soil remain largely unknown. Although biochar physical-chemical 
properties and stabilization mechanisms may explain biochar long 
mean residence times in soil, the relative contribution of each factor 
for its short- and long-term loss has been sparsely assessed, 
particularly when influenced by soil environmental conditions. Also, 
biochar loss and mobility through the soil profile and into the water 
resources has been scarcely quantified and transport mechanisms 
remain poorly understood (3.2.1)  

Distribution and availability 
of contaminants (e.g. heavy 
metals, PAHs) within 
biochar 

Very little experimental evidence is available on the short- and long-
term occurrence and bioavailability of such contaminants in biochar 
and biochar-enriched soil. Full and careful risk assessment in this 
context is urgently required, in order to relate the bioavailability and 
toxicity of the contaminant to biochar type and 'safe' application 
rates, biomass feedstock and pyrolysis conditions, as well as soil 
type and environmental conditions (3.2.4)  

Effect on soil organic matter 
dynamics  

Various relevant processes are acknowledged but the way these are 
influenced by combinations of soil-climate-management factors 
remains largely unknown (Section 3.2.5) 

Pore size and connectivity  Although pore size distribution in biochar may significantly alter key 
soil physical properties and processes (e.g. water retention, 
aeration, habitat), experimental evidence on this is scarce and the 
underlying mechanisms can only be hypothesised at this stage (2.3 
and 3.1.3)  

Soil water 
retention/availability  

Adding biochar to soil can have direct and indirect effects on soil 
water retention, which can be short or long lived, and which can be 
negative or positive depending on soil type. Positive effects are 
dependent on high applications of biochar. No conclusive evidence 
was found to allow the establishment of an unequivocal relation 
between soil water retention and biochar application (3.1.2) 

Soil compaction  Various processes associated with soil compaction are relevant to 
biochar application, some reducing others increasing soil 
compaction. Experimental research is lacking. The main risk to soil 
compaction could probably be reduced by establishing a guide of 
good practice regarding biochar application (3.1.1 and 4.6)  

Priming effect Some inconclusive evidence of a possible priming effect exists in 
the literature, but the evidence is relatively inconclusive and covers 
only the short term and a very restricted sample of biochar and soil 
types (3.2.5.4) 

Effects on soil megafauna  Neither the effects of direct contact with biochar containing soils on 
the skin and respiratory systems of soil megafanua are known, nor 
the effects or ingestion due to eating other soil organisms, such as 
earthworms, which are likely to contain biochar in their guts (3.2.6.3) 

Hydrophobicity  The mechnanisms of soil water repellency are understood poorly in 
general. How biochar might influence hydrophobicity remains largely 
untested (3.1.2.1) 

Enhanced decomposition of 
biochar due to agricultural 
management  

It is unknow how much subsequent agricultural management 
practices (planting, ploughing, etc.) in an agricultural soil with 
biochar may influence (accelerate) the disintegration of biochar in 
the soil, thereby potentially reducing its carbon storage potential 
(3.2.3)  

Soil CEC  There is good potential that biochar can improve the CEC of soil. 
However, the effectiveness and duration of this effect after addition 
to soils remain understood poorly (2.5 and 3.1.4) 

Soil Albedo  That biochar will lower the albedo of the soil surface is fairly well 
established, but if and where this will lead to a substantial soil 
warming effect is untested (3.1.3) 
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6.1.1 Background and Introduction 
As a concept biochar is defined as ‘charcoal (biomass that has been 
pyrolysed in a zero or low oxygen environment) for which, owing to its 
inherent properties, scientific consensus exists that application to soil at a 
specific site is expected to sustainably sequester carbon and concurrently 
improve soil functions (under current and future management), while avoiding 
short- and long-term detrimental effects to the wider environment as well as 
human and animal health'. Inspiration is derived from the anthropogenically 
created Terra Preta soils (Hortic Anthrosols) in Amazonia where charred 
organic material plus other (organic and mineral) materials appear to have 
been added purposefully to soil to increase its agronomic quality. Ancient 
Anthrosols have been found in Europe as well, where organic matter (peat, 
manure, ‘plaggen’) was added to soil, but where charcoal additions appear to 
have been limited or non-existent. Furthermore, charcoal from wildfires 
(pyrogenic black carbon - BC) has been found in many soils around the world, 
including European soils where pyrogenic BC can make up a large proportion 
of total soil organic carbon.  
Biochar can be produced from a wide range of organic feedstocks under 
different pyrolysis conditions and at a range of scales. Many different 
materials have been proposed as biomass feedstocks for biochar. The 
suitability of each biomass type for such an application is dependent on a 
number of chemical, physical, environmental, as well as economic and 
logistical factors. The original feedstock used, combined with the pyrolysis 
conditions will determine the properties, both physical and chemical, of the 
biochar product. It is these differences in physicochemical properties that 
govern the specific interactions which will occur with the endemic soil biota 
upon addition of biochar to soil, and hence how soil dependent ecosystem 
functions and services are affected. The application strategy used to apply 
biochar to soils is an important factor to consider when evaluating the effects 
of biochar on soil properties and processes. Furthermore, the biochar loading 
capacity of soils has not been fully quantified, or even developed 
conceptually. 

6.1.2 Physicochemical properties of Biochar 
Biochar is comprised of stable carbon compounds created when biomass is 
heated to temperatures between 300 to 1000°C under low (preferably zero) 
oxygen concentrations. The structural and chemical composition of biochar is 
highly heterogeneous, with the exception of pH, which is tipically > 7. Some 
properties are pervasive throughout all biochars, including the high C content 
and degree of aromaticity, partially explining the high levels of biochar’s 
inherent recalcitrance. Neverthless, the exact structural and chemical 
composition, including surface chemistry, is dependent on a combination of 
the feedstock type and the pyrolysis conditions (mainly temperature) used. 
These same parameters are key in determining particle size and pore size 
(macro, meso and micropore; distribution in biochar. Biochar's physical and 
chemical characteristics may significantly alter key soil physical properties 
and processes and are, therefore, important to consider prior to its application 
to soil. Furthermore, these will determine the suitability of each biochar for a 
given application, as well as define its behaviour, transport and fate in the 
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environment. Dissimilarities in properties between different biochar products 
emphasises the need for a case-by-case evaluation of each biochar product 
prior to its incorporation into soil at a specific site. Further research aiming to 
fully evaluate the extent and implications of biochar particle and pore size 
distribution on soil processes and functioning is essential, as well as its 
influence on biochar mobility and fate.  

6.1.3 Effects on soil properties, processes and functions 
This section has highlighted the relative paucity of knowledge concerning the 
specific mechanisms behind the reported interactions of biochar within the soil 
environment. However, while there is still much that is unknown, large steps 
have been taken towards increasing our understanding of the effects of 
biochar on soil properties and processed. Biochar interacts with the soil 
system on a number of levels. Sub-molecular interactions with clay and silt 
particles and SOM occur through Van der Waals forces and hydrophobic 
interactions. It is the interactions at this scale which will determine the 
influence of biochar on soil water repellency and also the interactions with 
cations and anions and other organic compounds in soil. These interactions 
are very char specific, with the exact properties being influenced by both the 
feedstock and the pyrolysis conditions used.  
There has been some evidence to suggest that biochar addition to soil may 
lead to loss of SOM via a priming effect in the short term. However, there is 
only very little research reported in the literature on this subject, and as such it 
is a highly pertinent area for further research. The fact that Terra Pretas 
contain SOM as well as char fragments seems to demonstrate that the 
priming effect either does not exist in all situations or if it does, perhaps it only 
lasts a few seasons and it appear not to be sufficient to drive the loss of all 
native SOM from the soil. Biochar has the potential to be highly persistent in 
the soil environment, as evidenced both by its presence in Terra Pretas, even 
after millennia, and also as evidenced by studies discussed in this section. 
While biochars are highly heterogeneous across scales, it seems likely that 
properties such as recalcitrance and effects on water holding capacity are 
likely to persist across a range of biochar types. It also seems probable, that 
while difference may occur within biochars on a microscale, biochars 
produced from the same feedstocks, under the same pyrolysis conditions are 
likely to be broadly similar, with predictable effects upon application to soil. 
What remains to be done are controlled experiments with different biochars 
added to a range of soils under different environmental conditions and the 
precise properties and effects identified. This will lead towards biochars 
possibly being engineered for specific soils and climate where specific effects 
are required.  
After its initial application to soil, biochar can function to stimulate the edaphic 
microflora and fauna due to various substrates, such as sugars, which can be 
present on the biochar's surface. Once these are metabolised, biochar 
functions more as a mineral component of the soil rather than an organic 
component, as evidenced by its high levels of recalcitrance meaning that it is 
not used as a carbon source for respiration. Rather, the biochar functions as a 
highly porous network the edaphic biota can colonise. Due to the large 
inherent porosity, biochar particles in soil can provide refugia for 
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microorganisms whereby they may often be protected from grazing by other 
soil organisms which may be too large to enter the pores. This is likely to be 
one of the main mechanisms by which biochar-amended soils are able to 
harbour a larger microbial biomass when compared to non-biochar amended 
soils. Biochar incorporation into soil is also expected to enhance overall 
sorption capacity of soils towards trace anthropogenic organic contaminants 
(e.g. PAHs, pesticides, herbicides), in a stronger way, and mechanistically 
different, from that of native organic matter. Whereas this behaviour may 
greatly contribute to mitigating toxicity and transport of common pollutants in 
soil, biochar aging over time may result in leaching and increased 
bioavailability of such compounds. On the other hand, while the feasibility for 
reducing mobility of trace contaminants in soil might be beneficial, it might 
also result in their localised accumulation, although the extent and 
implications of this have not been experimentally assessed. 
Soil quality may not be necessarily improved by adding biochar to soil. Soil 
quality can be considered to be relatively high for supporting plant production 
and provision of ecosystem services if it contains carbon in the form of 
complex and dynamic substances such as humus and SOM. If crop residues 
are used for biochar, the proportion of carbon going into the dynamic SOM 
pool is likely to be reduced, with the carbon being returned to the soil in a 
relatively passive biochar form. The proportion of residues which are removed 
for pyrolysis versus the proportion which is allowed to remain in the soil will 
determine the balance between the dynamic SOM and the passive biochar 
and so is likely to affect soil quality for providing the desired roles, be it 
provision of good use as crop or timber, or functioning as a carbon pool. 
Biochar also has the potential to introduce a wide range of hazardous organic 
compounds (e.g. heavy metals, PAHs) into the soil system, which can be 
present as contaminants in biochar that has been produced either from 
contaminated fedstocks or under processing conditions which favour their 
production. While a tight control over the feedstock type and processing 
conditions used can reduce the potential risk for soil contamination, 
experimental evidence of the occurrence and bioavailability and toxicity of 
such contaminants in biochar and biochar-enriched soil (over time) remain 
scarce. A comprehensive risk assessment of each biochar product prior to its 
incoporation into soil, which takes into account the soil type and 
environmental conditions, is therefore, paramount.  
Increased crop yields are the most commonly reported benefits of adding 
biochar to soils. A full search of the scientific literature led to a compilation of 
studies used for a meta-analysis of the effects of biochar application to soils 
and plant productivity. Meta-analysis techniques (Rosenberg et al., 1997) 
were used to quantify the effect of biochar addition to soil on plant productivity 
from a range of experiments. Our results showed a small overall, but 
statistically significant, positive effect of biochar application to soils on plant 
productivity in the majority of cases, covering a range of both soil and crop 
types. The greatest positive effects were seen on acidic free-draining soils 
with other soil types, specifically Calcarosols showing no significant effect. No 
statistically significant negative effects were found. There was also a general 
trend for concurrent increases in crop productivity with increases in pH up on 
biochar addition to soils. This suggests that one of the main mechanisms 
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behind the reported positive effects of biochar application to soils on plant 
productivity may be a liming effect. These results underline the importance of 
testing each biochar material under representative conditions (i.e. soil-
environment-climate-management factors). 
The degree and possible consequences of the changes biochar undergo in 
soil over time remain largely unknown. Biochar loss and mobility through the 
soil profile and into water resources has so far been scarcely quantified and 
the underlying transport mechanisms are poorly understood. This is further 
complicated by the limited amount of long-term studies and the lack of 
standardised methods for simulating biochar aging and for long-term 
environmental monitoring. 

6.1.4 Biochar and soil threats 
This chapter has described the interactions between biochar and ‘threats to 
soil’. For most of these interactions, the body of scientific evidence is currently 
insufficient to arrive at a consensus. However, what is clear is that biochar 
application to soils will effect soil properties and processes and thereby 
interact with threats to soil. Awareness of these interactions, and the 
mechanisms behind them, is required to lead to the research necessary for 
arriving at understanding mechanisms and effects on threats to soil, as well 
as the wider ecosystem. 

6.1.5 Wider issues 
Biochar can be produced from a wide range of organic feedstocks under 
different pyrolysis conditions and at a range of scales. The original feedstock 
used, combined with the pyrolysis conditions will affect the exact physical and 
chemical properties of the final biochar, and ultimately, the way and the extent 
to which soil dependent ecosystem services are affected. Preliminary 
evidence appears to suggest that a tight control on the feedstock materials 
and pyrolysis conditions (mainly temperature) may be enough in attenuating 
much of the current concern relating to the high levels of atmospheric 
pollutants (e.g. PAHs, dioxins) and particulate matter that may be emitted 
during biochar production, while implications to human health remain mostly 
an occupational health issue. Health (e.g. dust exposure) and fire hazards 
associated to production, transport, application and storage need to be 
considered when determining the suitability of the biochar for a given 
application, while tight health and safety measures need to be put in place to 
mitigate such risks for the worker, as well as neighbouring residential areas. 
The profitability of any biochar operation will depend mainly on its potential to 
attract revenue as a soil additive and C sink and will be affected by the type of 
biomass feedstock and that of production (open vs closed, local vs 
centralised), which can, in turn, result in environmental and economic 
spillovers. Moreover, the demand for biochar, as a byproduct of pyrolysis, will 
be influenced by, and will indeed influence, the demand for biofuels, the 
demand for products such as manure and compost and the price of carbon in 
the carbon markets. Furthermore, the costs and benefits of a range of biochar 
operations and scenarios need to be quantified. Cost-benefit analyses ought 
to cast the net wide by accounting not only for commercial factors but also for 
social costs and benefits. 

 127



 

 

6.2 Synthesis 
The aim of this report was to review the state-of-the-art regarding the 
interactions between biochar application to soils and effects on soil properties, 
processes and functions. Adding biochar to soil is not an alternative to 
reducing the emissions of greenhouse gasses. Minimising future climate 
change requires immediate action to lower greenhouse gas emissions and 
harness alternative forms of energy (IPCC, 2007). 

6.2.1 Irreversibility 
The irreversibility of biochar application to soils has implications for its 
development. Once biochar has been applied to soils, it is virtually impossible 
to remove. This irreversibility does not have to be a deterrent from considering 
biochar. Rather, the awareness of its irreversibility should lead to a careful 
case-by-case assessment of its impacts, underpinned by a comprehensive 
body of scientific evidence gathered under representative soil-environment-
climate-management conditions. Meta-analyses, an example of which on the 
relationship between biochar and crop productivity is presented in this report, 
can provide a valuable method for both signalling gaps in knowledge as well 
as providing a quantitative review of published experimental results. The 
results of meta-analyses can then be used to feed back to directing funding 
for more research where needed, and/or to inform specific policy 
development. Objectivity of systematic reviews on biochar is of paramount 
importance. In the medical sciences this has been resolved by the founding of 
an independent organisation (the Cochrane Collaboration), which provides 
regularly updated systematic reviews on specific healthcare issues using a 
global network of volunteers and a central database/library. A similar 
approach, although at a different scale, could be envisaged to ensure that the 
most robust and up to date research informs policy concerning biochar. 
Alternatively, this task could be performed by recognised, independent 
scientific institutions that do not (even partially) depend on conflicting funding, 
and that have the necessary expertise. 

6.2.2 Quality assessment 
The evidence reviewed in this report has highlighted potential negative as well 
as positive effects on soils and, importantly, a very large degree of unknown 
effects (see Table 6.1; and Section 6.3). Some of the potential negative 
effects can be ‘stopped at the gate’, i.e. by not allowing specific feedstocks 
that have been proven to be inappropriate, and by regulating pyrolysis 
conditions to avoid undesirable biochar properties (a compulsory biochar 
quality assessment and monitoring approach could prove effective). Other 
potential negative effects on soils, or the wider ecosystem, need to be 
regulated on the application side, i.e. at the field scale, taking into account the 
soil properties and processes as well as threats to soil functions. Similarly, 
biochar properties can be ‘engineered’ (to an extent), through controlled use 
of feedstocks and pyrolysis conditions, to provide necessary benefits to soil 
functions and reduce threats when applied to fields that have specific soil-
environmental-climatic-management conditions. However, the current state-
of-the-art regarding the effects of biochar on soils has a substantial lack of 
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information on relevant factors (see Section 6.3). Results from research into 
the relative importance of these factors, and the associated environmental 
and soil management conditions, needs to drive further extension and 
development of a biochar quality assessment protocol. 

6.2.3 Scale and life cycle 
Relevant factors for producing biochar with specific properties are feedstock 
characteristics and pyrolysis conditions, thereby affecting the scale and 
method of operation. The optimal scale of operation, from a soil improvement 
and climate adaptation perspective, will differ for different locations, as the 
availability of feedstocks and the occurrence of soil-environment-climate-
management conditions changes along with land use. The optimal scale of 
operation, from a climate mitigation perspective, is, intuitively, the smallest 
scale. However, full life cycle assessment studies to evidence this have not 
been found. It is possible that at a larger scale of operation, if not production 
then at least application, a more complementary situation exists with larger 
concomitant reductions in CO2 equivalent emissions by the ability to forego or 
reduce certain operations. For example, a farm on a fertile floodplain, with 
good water availability, may produce biochar from feedstocks on the farm with 
good water and nutrient retention properties. If this is applied to soils on the 
same farm, it may allow a reduction of a single fertiliser pass. However, if the 
biochar is sold (or traded) to the farm next door, which may be on soils with 
low water and nutrient retention, then there may be a reduction of two fertiliser 
passes and a substantial reduction in irrigation, for example. It is possible, 
therefore, that the CO2 equivalents saved on the farm next door are more 
than the CO2 equivalent emissions produced during transport from one farm 
to the other. This is of course just one hypothetical example of how off-site 
biochar distribution does not necessarily decrease the carbon negativity of the 
technology. One critical factor affecting this is the way long-lived specific 
beneficial effects of specific biochars will be under specific conditions. 
Experimental studies of sustained effects, e.g. nutrient and water retention, of 
different biochars in different soil-environment-climate-management 
combinations are needed to feed into life cycle assessment studies. It is 
possible that the optimum scale of operation, in terms of global warming 
mitigation, will be different in different parts of Europe and the world. 

6.2.4 Mitigation/adaptation   
Besides global warming mitigation, biochar can also be viewed from the 
perspective of adaptation to climate change. In the future, climate change 
looks likely to increase rainfall intensity, if not annual totals, for example 
thereby increasing soil loss by water erosion, although there is much 
uncertainty about the spatio-temporal structure of this change as well as the 
socio-economic and agronomic changes that may accompany them. 
Independent from changes in climate, the production function of soil will 
become increasingly more important, in view of the projected increase in 
global human population and consequent demands for food. More than 99% 
of food supplies (calories) for human consumption come from the land, 
whereas less than 1% comes from oceans and other aquatic ecosystems 
(FAO, 2003). 
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A common way of thinking about adapting food production to climate change 
is by genetically engineering crops to survive and produce under adverse and 
variable environmental conditions. This may well work, if risks to the 
environment are minimised and public opinion favourable. However, other soil 
functions are likely to still be impaired and threats exacerbated, such as 
increased loss of soil by erosion. Improving the properties of soil will increase 
the adaptive capacity of our agri-environmental systems. The ClimSoil report 
(Schils et al., 2008) reviews in detail the interrelation between climate change 
and soils. One of their conclusions is that land use and soil management are 
important tools that affect, and can increase, SOC stocks. In this way, the 
soils will be able to function better, even under changing climatic conditions. 
In arable fields, SOM content is maintained in a dynamic equilibrium. Arable 
soil is disturbed too much for it to maintain greater contents of SOM than a 
specific upper limit, which is controlled by mainly clay contents and the soil 
wetness regime. Biochar, because of its recalcitrance, and possibly because 
of its organo-mineral interaction and accessibility, provides a means of 
potentially increasing the relevant functions of soils beyond that which can be 
achieved by OM alone in arable systems. 
Biochar application to soils, therefore, may play both a global warming 
mitigation and a climate change adaptation role. For both, more research is 
needed before conclusive answers can be given with a high degree of 
scientific certainty, particularly when considering specific soil-environment-
climate-management conditions and interactions. However, it may be the 
case that in certain situations the biochar system does not mitigate global 
warming, i.e. is C neutral or positive, but that the enhanced soil functions from 
biochar application may still warrant contemplation of its use. 
As far as the current scientific evidence allows us to conclude, biochar is not a 
‘silver bullet’ or panacea for the whole host of issues ranging from food 
production and soil fertility to mitigating (or more correctly ‘abating’) global 
warming and climate change for which it is often posited. The critical 
knowledge gaps are manifold, mainly because the charcoal-rich historic soils, 
as well as most experimental sites, have been studied mostly in tropical 
environments, added to the large range of biochar properties that can be 
produced from the feedstocks currently available subjected to different 
pyrolysis conditions. Biochar analogues, such as pyrogenic BC, are found in 
varying, and sometimes substantial amounts in soils all over the world. As 
well as causing some difficulty with predicting possible impacts of biochar 
addition to soil, the large variety in biochar properties that can be produced 
actually provides an opportunity to ‘engineer’ biochar for specific soil-
environment-climate-management conditions, thereby potentially increasing 
soil functioning and decreasing threats to soil (and/or adapting to climate 
change). What is needed is a much better understanding of the mechanisms 
concerning biochar in soils and the wider environment. Although the research 
effort that would be required is substantial, the necessary methods are 
available. 
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6.3 Knowledge gaps  
Table 6.1 lists ‘unknown’ effects of biochar on soil properties, processes and 
functions. For ‘known’ positive or negative effects, Table 6.1 also discusses 
(briefly but with reference to more elaborate discussions in the report) the soil-
environment-climate-management conditions for which the effects are valid 
and where they are not (known). From the viewpoint of biochar effects on soil 
functions and soil threats, a number of key issues emerge that are discussed 
in the subsections below. Biochar research should aim to reach a sufficient 
level of scientific knowledge to underpin future biochar policy decisions. This 
review indicates that a large number of questions related to biochar 
application to soils remain unanswered. The multitude of gaps in current 
knowledge associated with biochar properties, the long-term effects of biochar 
application on soil functions and threats, and its behaviour and fate in different 
soil types (e.g. disintegration, mobility, recalcitrance, interaction with SOM), as 
well as sensitivity to management practices, require more scientific research. 

6.3.1 Safety 
While the widespread interest in biochar applications to soils continues to rise, 
issues remain to be addressed concerning the potential for soil contamination 
and atmospheric pollution associated to its production and handling, with 
potentially severe health, environmental and socio-economic implications. The 
irreversibility of biochar incorporation into soil emphasises the urgent need for 
a full and comprehensive characterisation of each biochar type in regard to 
potential contaminants (mainly heavy metals and PAHs), as influenced by 
biomass feedstock and pyrolysis conditions. Very little focus has been paid to 
the long-term distribution of such contaminants in biochar-enriched soils and 
bioavailability to the micro- and macro-biota. In this context, risk assessment 
procedures for these compounds need to be re-evaluated on a case-by-case 
basis, based on bioavailable concentrations (rather than initial concentrations 
in biochar) and accounting for the influence of NOM on their desorption from 
biochar over time. This would allow understanding the true implications of 
their presence in biochar on human, animal and ecosystem health over a wide 
range of soil conditions, while enabling relation of toxicity to biochar type and 
safe application rates, as well as feedstock characteristics and pyrolysis 
conditions. Similarly, the emission of atmospheric pollutants during biochar 
production requires careful qualitative and quantitative analysis. It will provide 
a sound basis for the development and/or optimisation of feedstock and 
pyrolysis operational conditions (as well as technologies) required to tackle 
these pollutants. 

6.3.2 Soil organic matter dynamics 
Biochar can function as a carbon sink in soils under certain conditions. 
However, the reported long residence times of biochar have not been 
confirmed for today’s intensive agricultural systems in temperature regions. 
Disintegration of biochar is likely to be stimulated by intensive agricultural 
practices (tilling, plouging, harrowing) and use of heavy machinery, thereby 
potentially reducing residence times. Work is required to better elucidate the 
biochar loading capacity of different soils, for different climatic conditions in 
order to maximise the amount of biochar which can be stored in soils without 
impacting negatively on soil functions. In addition to crop yields, research 
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should also focus on threshold amounts of biochar that can be added to soils 
without adverse consequences to soil physical properties, such as priming by 
increasing the pH or dedcreasing water-filled pore space, hydrophobic effects, 
or soil chemical properties, e.g. adding a high ash content (with salts) biochar 
to a soil already at risk of salinisation, or other ecosystem components, e.g. 
particulate or dissolved organic C reaching ground/surface waters. Therefore, 
the biochar loading capacity should vary according to environmental 
conditions as well as biochar ‘quality’, specific to the environmental conditions 
of the site (soil, geomorphology, hydrology, vegetation). 

6.3.3 Soil biology 
Owing to the vital role that the soil biota plays in regulating numerous 
ecosystem services and soil functions, it is vital that a full understanding of the 
effects of biochar addition to soil is reached before policy is written. Due to the 
very high levels of heterogeneity found in soils, with regard to soil physical, 
chemical and biological properties, extensive testing is needed before 
scientifically sound predictions can be made regarding the effects of biochar 
addition to soils on the native edaphic communities under a range of climatic 
conditions. Much of the data currently reported in the literature shows a slight, 
but significant positive effect on the soil biota, with increased microbial 
biomass and respiration efficiency per unit carbon, with associated increases 
in above ground biomass production reported in the majority of cases. There 
is currently a major gap in our understanding of the influence of biochar 
addition to soils on carbon fluxes. This is vital to increase our understanding 
of interactions between the soil biota and biochar as it will help to unravel the 
mechanisms behind any possible priming effect, as well as nutrient transfer 
and interactions with contaminants introduced with biochar. A very suitable 
method for probing this interaction would be the use of Stable Isotope Probing 
(SIP), which can be used with other molecular techniques to trace the flow of 
carbon from particular sources through the soil system. Pyrolysing biomass 
labeled with a stable isotope and measuring its emission from the soil will 
allow accurate measures of its recalcitrance over time. Conducting controlled 
atmosphere experiments with stable isotope-labelled CO2 will enable 
assessing the observed increased microbial respiration and investigation of 
whether this increase is due to a more efficient use of plant provided 
substrates (in case the label is detected in soil respiration), or if a priming 
effect has occurred leading to increased metabolisation of the SOM (in case 
the label is not detected). 

6.3.4 Behaviour, mobility and fate 
Physical and chemical weathering of biochar over time has implications for its 
solubilisation, leaching, translocation through the soil profile and into water 
systems, as well as interactions with other soil components (including 
contaminants). Up to now, biochar loss and environmental mobility have been 
quantified scarcely and such processes remain poorly understood. In addition, 
the contribution of soil management practices and the effects of increasingly 
warmer climates, together with potential greater erosivity as potential key 
mechanisms controlling biochar fate in soil, have also been assessed 
insufficiently up to now. 
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An effective evaluation of the long-term stability and mobility of biochar, 
including the way these are influenced by factors relating to biochar 
physicochemical characteristics, pyrolysis conditions and environmental 
factors, is paramount to understanding the contribution that biochar can make 
to improving soil processes and functioning, and as a tool for sequestering 
carbon. Such knowledge should derive from long-term studies involving a 
wide range of soil conditions and climatic factors, while using standardised 
methods for simulating biochar aging and for long-term environmental 
monitoring. 

6.3.5 Agronomic effects 
Biochar has shown merit in improving the agronomic and environmental value 
of agricultural soils in certain pilot studies under limited environmental 
conditions, but a scientific consensus on the agronomic and environmental 
benefits of biochar has not been reached yet. It remains difficult to generalise 
these studies due to the variable nature of feedstocks, their local availability, 
the variability in resulting biochar and the inherent biophysical characteristics 
of the sites it has been applied to, as well as the variability of agronomic 
practices it could be exposed to. Furthermore, there is a lack of (long-term) 
studies on the effects of biochar application in temperate regions. Direct and 
indirect effects of biochar on soil hydrology (e.g. water availability to plants) 
need to be studied experimentally for representative conditions in the field and 
in the laboratory (soil water retention – pF - curves) before modelling 
exercises can begin. Ultimately, in those conditions where biochar application 
is beneficial to agriculture and environment, it should be considered as part of 
a soil conservation package aimed at increasing the resilience of the agro-
environmental system combined with the sequestration of carbon. The key is 
to identify the agri-soil management strategy that is best suited at a specific 
site. Other carbon sequestration and conservation methods, such as no-till, 
mulching, cover crops, complex crop rotations, mixed farming systems and 
agroforestry, or a combination of these, need to be considered. In this context 
the interaction of biochar application with other methods warrants further 
investigation.  
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Abstract 
Biochar application to soils is being considered as a means to sequester carbon (C) while 
concurrently improving soil functions. The main focus of this report is providing a critical 
scientific review of the current state of knowledge regarding the effects of biochar application 
to soils on soil properties and functions. Wider issues, including atmospheric emissions and 
occupational health and safety associated to biochar production and handling, are put into 
context. The aim of this review is to provide a sound scientific basis for policy development, 
to identify gaps in current knowledge, and to recommend further research relating to biochar 
application to soils. See Table 1 for an overview of the key findings from this report. Biochar 
research is in its relative infancy and as such substantially more data are required before 
robust predictions can be made regarding the effects of biochar application to soils, across a 
range of soil, climatic and land management factors. 
 
Definition  
In this report, biochar is defined as: “charcoal (biomass that has been pyrolysed in a zero or 
low oxygen environment) for which, owing to its inherent properties, scientific consensus 
exists that application to soil at a specific site is expected to sustainably sequester carbon 
and concurrently improve soil functions (under current and future management), while 
avoiding short- and long-term detrimental effects to the wider environment as well as human 
and animal health." Biochar as a material is defined as: "charcoal for application to soils". It 
should be noted that the term 'biochar' is generally associated with other co-produced end 
products of pyrolysis such as 'syngas'. However, these are not usually applied to soil and as 
such are only discussed in brief in the report. 
  
Biochar properties  
Biochar is an organic material produced via the pyrolysis of C-based feedstocks (biomass) 
and is best described as a ‘soil conditioner’. Despite many different materials having been 
proposed as biomass feedstock for biochar (including wood, crop residues and manures), the 
suitability of each feedstock for such an application is dependent on a number of chemical, 
physical, environmental, as well as economic and logistical factors. Evidence suggests that 
components of the carbon in biochar are highly recalcitrant in soils, with reported residence 
times for wood biochar being in the range of 100s to 1,000s of years, i.e. approximately 10-
1,000 times longer than residence times of most soil organic matter. Therefore, biochar 
addition to soil can provide a potential sink for C. It is important to note, however, that there is 
a paucity of data concerning biochar produced from feedstocks other than wood, but the 
information that is available is discussed in the report. Owing to the current interest in climate 
change mitigation, and the irreversibility of biochar application to soil, an effective evaluation 
of biochar stability in the environment and its effects on soil processes and functioning is 
paramount. The current state of knowledge concerning these factors is discussed throughout 
this report.  
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Pyrolysis conditions and feedstock characteristics largely control the physico-chemical 
properties (e.g. composition, particle and pore size distribution) of the resulting biochar, 
which in turn, determine the suitability for a given application, as well as define its behaviour, 
transport and fate in the environment. Reported biochar properties are highly heterogeneous, 
both within individual biochar particles but mainly between biochar originating from different 
feedstocks and/or produced under different pyrolysis conditions. For example, biochar 
properties have been reported with cation exchange capacities (CECs) from negligible to 
approximately 40 cmolc g-1, and C:N ratios from 7 to 500, while the pH is normally neutral to 
basic . While this heterogeneity leads to difficulties in identifying the underlying mechanisms 
behind reported effects in the scientific literature, it also provides a possible opportunity to 
engineer biochar with properties that are best suited to a particular site (depending on soil 
type, hydrology, climate, land use, soil contaminants, etc.).  
 
Effects on soils  
Biochar characteristics (e.g. particle and pore size distribution, surface chemistry, relative 
proportion of readily available components), as well as physical and chemical stabilisation 
mechanisms of biochar in soils, determine the effects of biochar on soil functions. However, 
the relative contribution of each of these factors has been assessed poorly, particularly under 
the influence of different climatic and soil conditions, as well as soil management and land 
use. Reported biochar loss from soils may be explained to a certain degree by abiotic and 
biological degradation and translocation within the soil profile and into water systems. 
Nevertheless, such mechanisms have been quantified scarcely and remain poorly 
understood, partly due to the limited amount of long-term studies, and partly due to the lack 
of standardised methods for simulating biochar aging and long-term environmental 
monitoring. A sound understanding of the contribution that biochar can make as a tool to 
improve soil properties, processes and functioning, or at least avoiding negative effects, 
largely relies on knowing the extent and full implications of the biochar interactions and 
changes over time within the soil system.  
 
Extrapolation of reported results must be done with caution, especially when considering the 
relatively small number of studies reported in the primary literature, combined with the small 
range of climatic, crop and soil types investigated when compared to possible instigation of 
biochar application to soils on a national or European scale. To try and bridge the gap 
between small scale, controlled experiments and large scale implementation of biochar 
application to a range of soil types across a range of different climates (although chiefly 
tropical), a statistical meta-analysis was undertaken. A full search of the scientific literature 
led to a compilation of studies used for a meta-analysis of the effects of biochar application to 
soils and plant productivity. Results showed a small overall, but statistically significant, 
positive effect of biochar application to soils on plant productivity in the majority of cases. The 
greatest positive effects were seen on acidic free-draining soils with other soil types, 
specifically calcarosols showing no significant effect (either positive or negative). There was 
also a general trend for concurrent increases in crop productivity with increases in pH up on 
biochar addition to soils. This suggests that one of the main mechanisms behind the reported 
positive effects of biochar application to soils on plant productivity may be a liming effect. 
However, further research is needed to confirm this hypothesis. There is currently a lack of 
data concerning the effects of biochar application to soils on other soil functions. This means 
that although these are qualitatively and comprehensively discussed in this report, a robust 
meta-analysis on such effects is as of yet not possible. Table 1 provides an overview of the 
key findings - positive, negative, and unknown - regarding the (potential) effects on soil, 
including relevant conditions. 
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Preliminary, but inconclusive, evidence has also been reported concerning a possible priming 
effect whereby accelerated decomposition of soil organic matter occurs upon biochar addition 
to soil. This has the potential to both harm crop productivity in the long term due to loss of soil 
organic matter, as well as releasing more CO2 into the atmosphere as increased quantities of 
soil organic matter is respired from the soil. This is an area which requires urgent further 
research.  
 
Biochar incorporation into soil is expected to enhance overall sorption capacity of soils 
towards anthropogenic organic contaminants (e.g. PAHs, PCBs, pesticides and herbicides), 
in a mechanistically different (and stronger) way than amorphous organic matter. Whereas 
this behaviour may greatly mitigate toxicity and transport of common pollutants in soils 
through reducing their bioavailability, it might also result in their localised accumulation, 
although the extent and implications of this have not been assessed experimentally. The 
potential of biochar to be a source of soil contamination needs to be evaluated on a case-by-
case basis, not only with concern to the biochar product itself, but also to soil type and 
environmental conditions.  
 
Implications  
As highlighted above, before policy can be developed in detail, there is an urgent need for 
further experimental research in with regard to long-term effects of biochar application on soil 
functions, as well as on the behaviour and fate in different soil types (e.g. disintegration, 
mobility, recalcitrance), and under different management practices. The use of representative 
pilot areas, in different soil ecoregions, involving biochars produced from a representative 
range of feedstocks is vital. Potential research methodologies are discussed in the report. 
Future research should also include biochars from non-lignin-based feedstocks (such as crop 
residues, manures, sewage and green waste) and focus on their properties and 
environmental behaviour and fate as influenced by soil conditions. It must be stressed that 
published research is almost exclusively focused on (sub)tropical regions, and that the 
available data often only relate to the first or second year following biochar application.  
 
Preliminary evidence suggests that a tight control on the feedstock materials and pyrolysis 
conditions might substantially reduce the emission levels of atmospheric pollutants (e.g. 
PAHs, dioxins) and particulate matter associated to biochar production. While implications to 
human health remain mostly an occupational hazard, robust qualitative and quantitative 
assessment of such emissions from pyrolysis of traditional biomass feedstock is lacking. 
 
Biochar potentially affects many different soil functions and ecosystem services, and interacts 
with most of the ‘threats to soil’ outlined by the Soil Thematic Strategy (COM (2006) 231). It is 
because of the wide range of implications from biochar application to soils, combined with the 
irreversibility of its application that more interdisciplinary research needs to be undertaken 
before policy is implemented. Policy should first be designed with the aim to invest in 
fundamental scientific research in biochar application to soil. Once positive effects on soil 
have been established robustly for certain biochars at a specific site (set of environmental 
conditions), a tiered approach can be imagined where these combinations of biochar and 
specific site conditions are considered for implementation first. A second tier would then 
consist of other biochars (from different feedstock and/or pyrolysis conditions) for which more 
research is required before site-specific application is considered. 
 
From a climate change mitigation perspective, biochar needs to be considered in parallel with 
other mitigation strategies and cannot be seen as an alternative to reducing emissions of 
greenhouse gases. From a soil conservation perspective, biochar may be part of a wider 
practical package of established strategies and, if so, needs to be considered in combination 
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with other techniques. 
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A B S T R A C T   

Crude oil contaminated lands are recognised to have significant contributions to airborne volatile organic 
compounds (VOCs) with adverse effects on human health and tropospheric ozone. Soil capping systems for 
controlling harmful emissions are critical engineering solutions where advanced soil remediation techniques are 
neither available nor feasible. Studies on the adsorption of single VOC species in biochar have shown promising 
results as a potential capping material; however, current understanding of mixed gas system and multi- 
component adsorption of VOCs on biochar which would represent more realistic in situ conditions is very 
limited. We present, for the first time, the results of a study on competitive adsorption of mixed VOCs, including 
aromatic and non-aromatic VOCs commonly emitted from crude oil contaminated sites on two types of biochar 
pyrolysed at 500◦C from wheat straw and bagasse as feedstock. The kinetics of sorption of multicomponent VOCs 
including acetone, hexane, toluene and p-xylene in biochar are studied based on the results of an extensive 
experimental investigation using a bespoke laboratory setup. Both biochar types used in this study presented a 
high sorption capacity for VOC compounds when tested individually (51–110 mg/g). For the multicomponent 
mixture, the competition for occupying sorption sites on biochar surface resulted in a lower absolute sorption 
capacity for each species, however, the overall sorption capacity of biochar remained more or less similar to that 
observed in the single gas experiments (50–109 mg/g). The chemical interactions via hydrogen bonds, elec
trostatic attraction, and pore-filling were found to be the main mechanisms of adsorption of VOC in the biochar 
studied. The efficiency of biochar regeneration was assessed through five cycles of adsorption-desorption tests 
and was found to be between 88% and 96%. The incomplete desorption observed confirm the formation of likely 
permanent bonds and heel build-ups during the sorption process.   

1. Introduction 

Crude oil contaminated lands are recognised to be one of the major 
sources of volatile organic compounds (VOCs). VOCs are categorised as 
hazardous chemicals and can cause a wide range of adverse effects on 
human health and contribute to the tropospheric ozone (Wang et al., 
2015b). The crude oil-associated VOC emissions (CVEs) from contami
nated lands can not only affect the neighbouring communities but also 
be capable of travelling extensive distances (tens of miles) to exacerbate 
atmospheric pollution in metropolitan areas. High infant mortality rates 
and severe health problems have been frequently reported near major 

petroleum spillage sites with alarming cancerous/non-cancerous 
symptoms of human liver and kidney malfunction, respiratory and 
neurological system disorders, skin and eye irritations (Rajabi et al., 
2020). The technologies for the remediation of oil-contaminated soil are 
usually time-consuming (e.g., bioremediation), costly (e.g., thermal 
desorption), environmentally unfriendly for certain approaches (e.g., 
oxidation) and sensitive to the operating conditions (physicochemical 
techniques) (Lim et al., 2016; Rajabi and Sharifipour, 2017, 2018, 
2019). Such constraints make the conventional remediation techniques 
unfeasible for applications in large polluted lands or deprived regions. 
Therefore, an easy-to-localise solution to contain the VOC emissions 
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would protect the health of large communities living near 
oil-contaminated regions. Examples of such communities affected by 
VOC contaminated lands have been reported in Latin America (Coronel 
Vargas et al., 2020) and central Africa (Onyena and Sam, 2020), where 
affordability to benefit from effective remedial technologies is limited. 

Adsorption through carbonaceous materials is a reliable technique 
and practised in landfill capping systems to remove gas emissions from 
buried wastes (Xie et al., 2016, 2017, 2018; Wang et al., 2019). Such 
sorption-based capping systems have the potential to be adopted and 
redesigned to manage hazardous emissions from contaminated soil. 
However, containment through engineered organic/inorganic sorbents 
(e.g., activated carbon or silica gel) are unfeasible for extensive polluted 
areas due to the cost and advanced technology required for mass pro
duction. Biochar, on the other hand, is a low-cost carbonaceous 
by-product of biomass pyrolysis which has been particularly utilised in a 
wide variety of applications including separation, carbon sequestration, 
energy storage/conversion and water filtration (Ahmad et al., 2014; 
Wang et al., 2020; Yaashikaa et al., 2020). The partial pyrolysis process 
can convert biomass (e.g., biowaste, agriculture waste) into porous 
structures which consist of a carbonised mass with reactive superficial 
chemistry. Such highly reactive and porous material can act as a sink to 
capture various types of organic and inorganic chemicals (Zhang et al., 
2017a). Biochar can be utilised as an affordable sorbent for managing 
CVEs from contaminated soil since it can be supplied in large quantities 
from widespread feedstock through the low-tech low-cost combustion 
process. Interests in applications of biochar in environmental control 
systems and treatment processes have recently emerged (e.g., soil 
remediation, carbon sequestration, decontaminations, catalysts, organic 
solid waste composting, etc.) (Wang and Wang, 2019). 

Char-based removals of volatile chemicals have been studied by 
other researchers too, e.g. benzene (Kumar et al., 2020), cyclohexane 
(Zhang et al., 2017b, 2019, 2020b; Xiang et al., 2020), ethylbenzene 
(Kim et al., 2019), toluene (Zhang et al., 2017b; Xiang et al., 2020; Yang 
et al., 2020), and xylenes (Zhang et al., 2020a). Biochar from a range of 
feedstock has also been tested for the removal of xylene isomers which 
are among high-detected high-concentrated CVEs (Rajabi et al., 2020). 
The existing limited studies which have only looked at the adsorption of 
individual VOC species on biochar provide an incomplete understanding 
of the biochar potential for containment of VOCs in a 
multispecies/multi-component system. The competitive adsorption 
under realistic multispecies systems has received very little attention. 
This paper, for the first time, provides an insight into the sorption of 
multicomponent VOC systems on biochar as an exploratory research to 
provide a scientific base (concept development and validation) of a 
low-cost system to contain the hazardous emissions from crude 
oil-contaminated lands with certain level of similarity to the capping 
systems conventionally used in landfills. Two types of biochar from 
prevalent agricultural wastes were used as sorbents in this study. The 
VOC species of toluene, p-xylene, and hexane were used as 
aromatic/non-aromatic examples of CVEs which are abundantly detec
ted near petroleum polluted sites. Acetone was also considered as it has 
been frequently used in studies of VOC adsorption in carbon-based ad
sorbents due to its high volatility and very small molecule size. The 
rationale was to compare our results with other studies on biochar-based 
removal of VOCs (Zhang et al., 2017). The competitive sorption of 
acetone with a lower molar mass (58 g/mol), kinetic diameter (3.8 Å) 
and boiling point (56 ◦C) and without a benzene ring in its molecular 
shape could further reveal the governing mechanisms of VOC adsorption 
on biochar under competitive inhibition. Physicochemical properties of 
biochar samples were studied through elemental analysis, 
Fourier-transform infrared spectroscopy (FTIR), scanning electron mi
croscopy (SEM), and Brunauer–Emmett–Teller (BET) surface area 
analysis. A bespoke experimental setup with an in-line GC-FID was 
developed to investigate the kinetics of both single- and 
multi-component sorption of VOCs on the samples and to assess their 
reliability and reusability through five cyclic single-component 

adsorption-desorption tests on acetone and toluene as representative 
non-aromatic and aromatic VOCs. 

2. Materials and methods 

2.1. Biochar and chemicals 

Two types of biochar, both formed by pyrolysis at 500 ◦C sourcing 
from wheat straw (WS) and bagasse sugarcane (BG), were chosen as 
commonly available agricultural waste (Yuan and Sun, 2010). These 
were obtained from Nanjing Zhironglian Technology (China) and Ban
dung Institute of Technology (Indonesia), respectively. High purity 
(+99%) analytical grades of acetone, hexane, toluene, and p-xylene 
were purchased from Acros Organics as adsorbates (Table S1). Biochar 
samples were manually grounded using a mortar and pestle, then sieved 
to obtain a size range between 0.5 and 1 mm. The sieved samples were 
then washed thoroughly using deionised water to remove any impu
rities, and then oven-dried at 85◦C for 24 h until the weight stabilised. 
The dried samples were stored in sealed containers and used for char
acterisation and sorption tests. 

2.2. Biochar characterisation 

CHNS elemental analyser (Thermo Scientific™) and scanning elec
tron microscopy (SEM, FEI Quanta™ 650 FEG) were utilised to analyse 
the elemental composition and structural features of the used biochar, 
respectively. SEM images were taken under a low accelerating voltage 
(2.00 kV) via Everhart-Thornley Detector (ETD) mode at various mag
nifications up to 1000×. Detailed information of the porous system of 
the samples (e.g., BET surface area and pore volume) was determined by 
the N2 adsorption-desorption isotherms (Micromeritics® Surface Area 
Analyser). The samples (typically 0.1–0.2 g) were initially degassed 
using a Micromeritics FlowPrep 060 under a flow of CP grade N2 at 80◦C 
for 18 h before BET surface area measurements. Infrared spectra of the 
samples were taken by Spotlight 200i FTIR Spectroscopy (Perki
nElmer®) in the range of 400–4000 cm− 1 as an identification tool to 
describe the biochar surface functional groups. 

2.3. Adsorption and desorption tests 

The experimental setup designed and used for investigating the 
single gas sorption process (details can be found in (Rajabi et al., 2021)) 
was further extended to create the capability for studying the kinetics of 
multicomponent sorption processes as well as gas desorption (Fig. S1). 
The stripping method (pure nitrogen as carrier gas regulated at 0.2 
ml/min) was used to convert liquid VOCs (injected into carrier gas at 
specific rates via a set of syringe pumps). A concentration of 200–220 
ppmv was considered for all chemicals in single- and multi-component 
tests. This range was selected to represent the maximum concentra
tions reported in the literature for VOC emissions from petroleum 
contaminated sites (Pandya et al., 2006; Bocos-Bintintan et al., 2019; 
Rajabi et al., 2020). In order to ensure intended VOC concentrations are 
achieved in the mixed gas system, four gas-tight microsyringes (Ham
ilton-1725 TLL; 250 μl) driven by two dual-syringe infusion pumps 
(Cole-Parmer and Chemyx) at different injection rates of 0.008–0.02 
ml/h were employed to gradually inject the liquid chemicals into the 
flow of carrier gas (0.02 ml/min). On average, 3–4 h were required to 
produce a steady gas stream of desired VOC concentrations. Further 
details about experimental methodology, calibrations and adjustment of 
VOC concentrations can be found in (Rajabi et al., 2021). The mixed gas 
was then passed through a mixing bottle packed with glass beads to 
ensure its homogeneity before injection into the adsorption column. 
Based on a careful review of the literature, it appears that both terms (i. 
e., gas and vapour) are commonly used to refer to VOCs. For example 
VOCs have been considered as vapours by (Feng et al., 2020) and 
(Mızrak et al., 2017), whereas (Cheng et al., 2020) and (Minella and 
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Minero, 2021) referred to them as gases. The United States Environ
mental Protection Agency (EPA) also states that “Volatile organic 
compounds (VOCs) are emitted gases from certain solids or liquids” 
(EPA, 2019). Moreover, in this study N2 was used as a stripping gas, and 
therefore the mixture is also referred to as gas for consistency and 
clarity. The temperature of the adsorption column was maintained at 
25◦C during all adsorption tests using a digital water bath. An in-line 
GC-FID (Chromatotec®) was utilised for continuous analysis of the 
outflow gas composition at 15-min intervals. The injection of mixed gas 
with desired VOC concentration into the sorption column (gas-tight 
solvent-resistant Plexiglass cell) was continued until the biochar samples 
(0.5 ± 0.01 g) reached saturation. The saturation state was considered 
when the stabilised composition of the outflow gas was observed for at 
least 1 h. Once the sorption was completed, desorption was initiated by 
stopping the gas injection and increasing the temperature of the sorption 
column by submerging that in a water bath to accelerate the process. 
The temperature was increased at a rate of approximately 4.8 ◦C/min to 
a maximum temperature of 95◦C to initiate/accelerate the desorption 
process as a technical procedure frequently used in the literature (Xiang 
et al., 2020; Zhang et al., 2020b). Five single adsorption/desorption 
cycles were carried out on selected sorbents/sorbates to evaluate the 
reusability of the biochar. Data collected by the GC-FID were analysed 
based on the mass conservation equations (Eqs. (S1-2) in supplementary 
materials). Each test was repeated three times, and the mean value with 
an absolute uncertainty (absolute error) was reported. To obtain further 
insight into the governing sorption mechanism, the experimental results 
were compared against well-established kinetic models including 
pseudo-first and second-order models (PFOM & PSOM), the Elovich 
model (ELM) and the intra-particle diffusion model (IPDM) (Eqs. 
(S3-7)). 

3. Results and discussion 

3.1. Biochar characterisation 

Physicochemical properties of carbonaceous materials govern their 
sorption mechanisms for the removal of organic/inorganic pollutants 
(Zhu et al., 2020). Such properties are mainly characterised through 
elemental composition, porous structure and surface chemistry. 
CHNS/O elemental composition and porous characteristics of the bio
char are presented in Table 1. The oxygen content was measured using 
the mass balance technique (Chen et al., 2008). Both types of biochar are 
rich in carbon with 67% and 76% carbonised mass for WS and BG, 
respectively. The atomic ratios of aromaticity (H/C), hydrophilicity 
(O/C) and polarity (O + N)/C) for WS char are nearly doubled in 
comparison to BG. The lower polarity of BG can be attributed to its 
higher carbon content compared to the high-organic structure of WS 
with more polar compounds (e.g., cellulose, fatty acids, and lignin) and 
more aromatic cores, which elevate its polarity too (Cao et al., 2019). 
FTIR spectra of biochar samples (Fig. 1) indicate a wide variety of ox
ygen- and hydrogen-containing functional groups on biochar surface 
which can interact with organic compounds. Similar peaks were found 
on both samples at 748-874 cm− 1 (C-H bending), 1512-1692 cm− 1 

(C––O stretching), 1980–1982 cm− 1 (C-H aromatic bending), 
2162-2166 cm− 1 (C––C––O stretching) and 2958-3044 cm− 1 (C-H 
stretching). BG lacks few peaks at 1314-1378 cm− 1 which can be asso
ciated with the absence of polar compounds in BG (e.g., lignin, cellulose, 
and hemicelluloses) which also shows the lower polarity of BG in 
comparison to WS deduced from the elemental analysis. A lower 

hydrophilic surface of BG with fewer polar groups can be also confirmed 
by its lower ratio of O/C (hydrophilicity) and (O + N)/C (polarity). BG 
has a higher SSA/PV from BET analysis compared with WS (Table 1). 
Similar observations have been also reported for biochar produced from 
wheat straw and sugarcane bagasse (Chatterjee et al., 2020). Differences 
in pore size and shape of both samples can be evaluated using SEM 
images (Fig. S2). Both samples have a wide range of pore sizes 
(magnification of 100 & 50 μm); however, BG has a more homogeneous 
pattern of smaller pores (5 μm) in comparison to WS having fewer but 
bigger pores/canals at the same scale. 

3.2. Single-component sorption 

The single-component sorption kinetics of selected VOCs on BG and 
WS biochar are presented in Fig. 2. The highest sorbed mass was 
observed for acetone on BG, followed by p-xylene, toluene, and hexane. 
The overall differences in adsorption quantities can be attributed to (i) 
molecular characteristics of the VOCs with different kinetic diameters 
and non-identical conformation and configuration (steric hindrance), 
and (ii) biochar surface chemistry and porosity. Acetone can combine 
with carbonised mass of both samples mostly through carboxylic groups 
(Yu et al., 2018), and a low kinetic diameter (3.8 Å) enables acetone 
molecules to interact with more active sites and enter smaller por
es/canals (Zhang et al., 2017b). The maximum adsorption (Qeq) of 
acetone on BG (110.1 ± 5.4 mg/g) is more than doubled the adsorbed 
mass on WS (44.5 ± 2.1 mg/g). This is due to the higher SSA/PV of BG 
which elevates the pore-filling and access to active sites. On the other 
hand, the lowest sorption capacity on both samples is related to hexane 
mainly because of its specific molecular arrangements which affect its 
success rate for adsorbing onto the carbon surface of the biochar. Hex
ane molecules (C6H14) are normally aligned parallel (an elongated cyl
inder (Wang et al., 2015a)) to carbon surface and can interact with 
carbon molecules by seven hydrogen atoms only through CH-π bonding, 
while other aromatic chemicals (e.g., toluene and p-xylene) utilise not 
only CH-π interactions but also π-π stacking and other functional groups 
in combination with carbon surfaces (Thongsai et al., 2019). Hexane was 
also found to be more adsorbed on BG (36.8 ± 1.5 mg/g) in comparison 
to WS (19.7 ± 0.9 mg/g) which can be related to its higher inclination 
towards hydrophobic carbon surfaces with fewer oxygenated groups and 
greater porosity (e.g., BG) (Hernández-Monje et al., 2018). 

Aromatic structures of toluene and p-xylene can be adsorbed onto 
carbon surface through π-π stacking (Navarro Amador et al., 2018), 
electrostatic attraction (Solanki and Boyer, 2019) and functional groups 
(Kim et al., 2019) as well as partitioning into non-carbonised mass (Chen 
et al., 2017). It should be added that adsorption of VOCs on 
carbon-based materials mainly is a physicochemical process mostly 
controlled by physical attraction through pore-filling and van der Waals 
forces in addition to chemical attractions via functional groups and 
stacking (reversible) rather than chemical reactions (irreversible). The 
ultimate sorption of toluene on BG (45.2 ± 1.7 mg/g) is slightly higher 
than WS (32.5 ± 1.6 mg/g) which can be related to the increased 
pore-filling within BG mass and higher SSA; however, different behav
iour was observed for the case of p-xylene. P-xylene molecules with 
para-substituted benzene cores are more accumulated onto the low-SSA 
structure of wheat straw due to higher polarity (more polar groups) of 
wheat straw biochar compared with bagasse (more details in Fig. 1). In 
addition, the kinetic behaviour of p-xylene sorption on both types of 
biochar is more or less similar (Fig. 2) since its big molecules and higher 
steric hindrance might have prevented p-xylene to enter more available 

Table 1 
Physicochemical properties and pore characteristics of biochar samples.  

Biochar C (%) H (%) N (%) S (%) O (%) O/C H/C (O + N)/C SBET (m2.g− 1) VTotal-BET (cm3.g− 1) 

BG 75.94 1.77 0.40 NF 21.89 0.289 0.024 0.293 78.15 0.1448 
WS 66.57 2.66 0.98 <0.3 29.49 0.443 0.040 0.458 58.38 0.0786  
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Fig. 1. FTIR spectra of WS and BG biochar.  

Fig. 2. Kinetics of single-component sorption of VOCs on WS and BG biochar.  
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pores within the BG structure. Overall, adsorption kinetics of both types 
of biochar showed reasonable removal capacities up to 110.1 ± 5.4 
mg/g compared to the rate of VOC emissions reported for 
oil-contaminated lands (Ausma et al., 2002; Wang et al., 2015b; Rajabi 
et al., 2020). It should be noted that the used biochar showed reliable 
potentials for removal of acetone (44.5 and 110.9 mg/g), hexane (36.8 
and 19.7 mg/g), toluene (32.4 and 45.2 mg/g) and p-xylene (24.8 and 
51.1 mg/g) in comparison to other reported figures for adsorption on 
non-activated/non-modified biochar such as acetone: 7.6–50.2 mg/g 
(Xiang et al., 2020); 7.1–91.2 mg/g (Zhang et al., 2017b); 17.9–25.2 
mg/g (Zhang et al., 2020b), toluene: 13.8–65.5 mg/g (Kumar et al., 
2020); 12.7–55.1 mg/g (Xiang et al., 2020); 31.2 mg/g (Yang et al., 
2020); 12.7–62.9 mg/g (Zhang et al., 2017b); and xylenes: 1.5–60.2 
mg/g (Kumar et al., 2020). A statistical analysis also showed a 
non-linear relationship between each adsorbates’ property (molar mass, 
boiling point, and kinetic diameter) and adsorption capacity of the used 
biochar. It revealed that the sorption mechanism of VOCs on biochar 
may not be only controlled by the molecular properties of VOCs, and 
other mechanisms such as adsorbent’s surface chemistry and porous 
structure are also involved. The FTIR spectra taken from clean and 
saturated samples (WS biochar as an example) by all chemicals are 
provided in Fig. S3. The characteristic peaks corresponding to acetone 
(at 529, 1220, 1358, and 1710 cm− 1), hexane (at 723, 1379, and 1459 
cm− 1), toluene (at 464, 693, 726, and 1495 cm− 1) and p-xylene (at 482, 
793, and 1516 cm− 1) on saturated samples in addition to sorption tests 
can confirm that biochar from agricultural waste can effectively adsorb 
both aromatic and non-aromatic VOCs. 

3.3. Multi-component sorption 

Figs. 3 and 4 present the results from multi-component adsorption 

experiments for mixed VOCs on both biochar types. The presence of 
chemicals on the biochar surface was confirmed by the corresponding 
peaks on FTIR spectra of the saturated samples, as shown in Fig. S4. 
Higher SSA/PV of BG provides more accessible active sites to the mixed 
gas molecules resulting in higher sorption capacity (109.1 ± 4.3 mg/g) 
in comparison to that of WS (50.1 ± 2.1 mg/g). The total adsorbed mass 
of multi-component tests is very slightly lower than that of single gas for 
both samples which might be due to few active sites left vacant in the 
competitive process of adsorption. The total adsorbed mass of each VOC 
in multi-compound tests is noticeably lower (27–75%) than that of the 
single gas in both samples. This shows that the adsorption capacity of all 
adsorbates was limited due to the competitive inhibition. 

The reduction in total adsorption capacity of multicomponent gas 
compared to the single component can be explained by increased 
competitive inhibition of the sorption process (Fig. 5), which leads to a 
lower sorbed mass and slightly rapid saturation (Vikrant et al., 2020). 
The reductions in the saturation time were in the range of 7.1–16.7% 
and 5.3–13.2% for all the chemicals on WS and BG, respectively. This is 
attributed to a higher molecular diffusion under competitive inhibition 
(Jahandar Lashaki et al., 2016). A higher reduction in the overall 
sorption capacity of each compound in multi-component tests was 
observed in WS (51–75%) in comparison to BG (27–70%). This is ex
pected to be associated with the lower SSA/PV which gives fewer active 
sites within the WS structure to adsorbates. The reductions in maximum 
sorption between individuals and mixtures are more significant for 
lighter VOCs (acetone) than heavier VOCs considered in this study 
(hexane, toluene, and p-xylene). This is particularly highlighted on 
bagasse which can be related to greater van der Waal’s interactions 
between carbon surface and heavier compounds having more carbon 
atoms (Samaddar et al., 2019). The sorption order also remained un
changed for BG in both single and multi-component tests (acetone >

Fig. 3. Kinetics of multi-component sorption of acetone, hexane, toluene, and p-xylene on WS and BG biochar.  

H. Rajabi et al.                                                                                                                                                                                                                                  



Chemosphere 283 (2021) 131288

6

p-xylene > toluene > hexane), for WS however, there was a slight 
discrepancy in this order for hexane and toluene. A higher uptake of 
hexane by WS in comparison to toluene may be attributed to the greater 
molecular diffusivity within the pores. In addition, the larger kinetic 
diameter of toluene molecules can also act as a barrier to their 
competitive sorption with hexane to secure access to the active sites. 

This behaviour is not valid for acetone with smaller molecules (3.8 
Å) than hexane since its multi-component uptake by BG is seen to reduce 
by 65.12%. Larger individual uptake of acetone may be related to the 
greater contributions of smaller pores in capturing acetone of which a 
large quantity is now blocked by larger molecules of hexane, toluene, 
and p-xylene in the competitive process. Similar behaviour observed in 
uptakes of toluene and p-xylene from mixed gas on both biochar types 
can be related to their similar kinetic diameter (5.9 Å) and molecular 
shape (aromaticity); however, their sorbed amounts were more reduced 

by competitive sorption on WS (29–36%) mainly due to its lower SSA/ 
PV compared with BG (10–27%). The results of multi-component ex
periments provide confidence in the reliability of biochar as an efficient 
adsorbent with adequate sorption capacity to control VOC emissions 
from crude oil contaminated lands for a range of aromatic/non-aromatic 
chemicals with different molecular characteristics. 

3.4. Desorption 

Desorption is an important index for adsorbents commercialisation 
since regeneration potential is a critical property of an adsorbent 
demonstrating its reusability for adsorption system as well as safety/ 
reliability for ex-situ regeneration process (Jang et al., 2020; Feiz
bakhshan et al., 2021). With regards to the effects of elevated temper
ature on the desorption process of VOCs on biochar, studies reported 

Fig. 4. Comparison of adsorption capacity of BG and WS biochar in single and multi-component experiments.  

Fig. 5. Graphical description of dominant mechanisms in competitive adsorption.  
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indicate that the saturated biochar (from a range of feedstocks) can 
retain between 50 and 95% of the adsorbed volatile chemicals at 
50–60◦C (Xiang et al., 2020; Zhang et al., 2020). It shows the reliability 
of biochar materials for containment purposes to retain adsorbed vola
tile chemicals even under extreme operating conditions. The desorption 
process should also be investigated to better comprehend the dominant 
mechanisms of adsorption (Zhang et al., 2020a). The regeneration po
tential of the used biochar was investigated through five successive 
adsorption-desorption tests with acetone and toluene as (Feizbakhshan 
et al., 2021) non-aromatic and aromatic CVEs, respectively. The 
experimental procedure for the assessment of VOC desorption from 
biochar is described in Section 2.3, and the results are presented in 
Fig. 6. Both samples (BG and WS) indicated regeneration efficiency (RE) 
(Eq. S2) of approximately 86.9–96.4% overall cyclic tests as a reliable 
range for biochar. From the results, it can be observed that the majority 
of gas desorption occurs in the first cycle. Depending on the biochar type 
and gas specie, on average, 4–13% of adsorbed gas was released during 
the first cycle, whereas in subsequent cycles, there were slight fluctua
tions in the detected regeneration efficiency. The results of desorption 
tests show that the majority of adsorbed gas remains within the structure 

of biochar which can be related to the creation of some permanent bonds 
between VOC molecules and functional groups on biochar surface 
(Zhang et al., 2017b) and/or heel build-ups during cyclic 
adsorption-desorption of VOCs (Jahandar Lashaki et al., 2020). Acetone 
presented the highest and lowest RE for WS (95.4%) and BG (90.1%), 
respectively, because of its different desorption mechanisms in these 
samples. Desorption of acetone from wheat straw is simpler than from 
bagasse since BG has a high-SSA structure in which pore filling is 
dominant, and more pore blockage and oligomerization are probable 
during desorption (heel formation) (Lashaki et al., 2012). 

Compared to acetone, toluene showed relatively similar desorption 
behaviour and RE, although its desorption mechanisms may have been 
different. More molecules of toluene retained within WS after desorption 
due to its higher boiling point in comparison to acetone and better 
surface chemistry of WS with more active sites (than BG). However, a 
higher desorption rate from BG was observed for toluene. Toluene has 
relatively large molecules and therefore its access to the adsorption sites 
in smaller pores and canals of BG are limited which leads to an easier 
release of gas molecules of toluene in larger channels and pores (Yang 
et al., 2020). 

Fig. 6. Adsorption-desorption cycles of acetone and toluene on BG and WS biochar.  
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3.5. Sorption modelling 

Figs. 2 and 3 also present a comparison of the experimental results 
with the sorption dynamics anticipated by the conventional kinetic 
models including PFOM, PSOM, ELM and IPDM. The coefficients of 
determination (R2) and the sum of the squared errors (SSE) are provided 
in Table S2–3. Overall, there are strong correlations between the kinetic 
models and the experimental data. However, the data from the ELM 
model showed the best fits to the test results in both single gas (e.g., R2 

= 0.998 and SSE = 1.33 for hexane on WS) and multi-component 
sorption experiments (e.g., R2 = 0.998 and SSE = 1.63 for toluene on 
BG). Based on the results, PFOM and PSOM underestimated the amount 
of sorption at equilibrium up to 1.23% and 11.53% in single gas and 
0.98% and 10.42% in the mixed gas, respectively, while ultimate sorp
tion was overestimated by IPDM up to 9.34% and 9.98% in single and 
multi-component tests. The robust agreement between the ELM data and 
experimental results may be attributed to the Elovich equation 
assumption. The Elovich kinetic model is the best fit for the experi
mental data when chemical adsorption on heterogeneous adsorbing 
surfaces is the dominant mechanism (Wu et al., 2009). This agreement 
indirectly confirms that the chemical interactions of hydrogen bonding 
(CH-π & π-π stacking) and electrostatic attraction through functional 
groups served as chemisorption sites are the main mechanisms of 
adsorption in the system, as previously discussed in sections 3.2 and 3.3 
along with pore-filling. The curve-fitting plots of IPDM (QIPDM

t versus 
t0.5) for both single- and multi-component sorption were found not to 
pass through the starting point, showing that the intraparticle diffusion 
is not the only rate-limiting process in adsorption mechanisms of these 
VOCs on the samples (Yang et al., 2014). 

4. Conclusions 

In this paper, we presented an experimental investigation on single 
and multicomponent sorption kinetics of aromatic and non-aromatic 
volatile organic compounds on two types of biochar sourcing from 
commonly available agricultural wastes (wheat straw and bagasse). 
Investigations of the single and competitive experiments revealed suf
ficiently high adsorption capacities for both types of biochar, indicating 
the efficiency of biochar for the removal of VOC emissions from in-land 
oil spills under more realistic in situ conditions. The tested types of 
biochar showed relatively similar total adsorption capacity for single 
(51–110 mg/g) and mixed gases (50–109 mg/g). Bagasse showed the 
highest sorption capacity in both single and multi-component tests, 
mainly due to its higher SSA and PV. The highest adsorption on the used 
biochar was recorded for acetone with the smallest molecular diameter; 
however, its uptake was reduced up to 65% by competitive inhibition of 
the multi-component adsorption process. Hydrogen bonding, electro
static interaction, and pi-stacking, as well as partitioning, were found to 
be the main sorption mechanisms in both single and competitive VOC 
uptake by biochar. The Elovich model presented the best fit for the 
experimental data providing further confirmation for chemical in
teractions to be the dominant mechanism. The sorption capacity of the 
biochar samples was adequately sustained after five cycles of sorption- 
desorption tests (88–96%). The regeneration efficiency is a crucial 
parameter where adsorbent reproduction is required. The comprehen
sive experimental work carried out in this study has demonstrated for 
the first time the promising potentials of biochar as a sustainable, low- 
cost and effective capping system to uptake and contain the mission of 
harmful VOCs from crude oil-contaminated lands. 
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Mızrak, B., Altındal, A., Abdurrahmanoğlu, Ş., 2017. Synthesis, characterization and 
partition coefficients for VOC vapor adsorption onto novel pyridine derivatives Co 
(II) phthalocyanines. Prog. Org. Coating 109, 92–96. 

Navarro Amador, R., Cirre, L., Carboni, M., Meyer, D., 2018. BTEX removal from aqueous 
solution with hydrophobic Zr metal organic frameworks. J. Environ. Manag. 214, 
17–22. 

Onyena, A.P., Sam, K., 2020. A review of the threat of oil exploitation to mangrove 
ecosystem: insights from Niger Delta, Nigeria. Global Ecol. Conserv. 22, e00961. 

Pandya, G., Gavane, A., Bhanarkar, A., Kondawar, V., 2006. Concentrations of volatile 
organic compounds (VOCs) at an oil refinery. Int. J. Environ. Stud. 63, 337–351. 

Rajabi, H., Hadi Mosleh, M., Mandal, P., Lea-Langton, A., Sedighi, M., 2020. Emissions of 
volatile organic compounds from crude oil processing – global emission inventory 
and environmental release. Sci. Total Environ. 727, 138654. 

Rajabi, H., Mosleh, M.H., Mandal, P., Lea-Langton, A., Sedighi, M., 2021. Sorption 
behaviour of xylene isomers on biochar from a range of feedstock. Chemosphere 
268, 129310. 

Rajabi, H., Sharifipour, M., 2017. An experimental characterization of shear wave 
velocity (vs) in clean and hydrocarbon-contaminated sand. Geotech. Geol. Eng. 35, 
2727–2745. 

Rajabi, H., Sharifipour, M., 2018. Influence of weathering process on small-strain shear 
modulus (Gmax) of hydrocarbon-contaminated sand. Soil Dynam. Earthq. Eng. 107, 
129–140. 

Rajabi, H., Sharifipour, M., 2019. Geotechnical properties of hydrocarbon-contaminated 
soils: a comprehensive review. Bull. Eng. Geol. Environ. 78, 3685–3717. 

Samaddar, P., Kim, K.-H., Yip, A.C.K., Zhang, M., Szulejko, J.E., Khan, A., 2019. The 
unique features of non-competitive vs. competitive sorption: tests against single 
volatile aromatic hydrocarbons and their quaternary mixtures. Environ. Res. 173, 
508–516. 

Solanki, A., Boyer, T.H., 2019. Physical-chemical interactions between pharmaceuticals 
and biochar in synthetic and real urine. Chemosphere 218, 818–826. 

Thongsai, N., Jaiyong, P., Kladsomboon, S., In, I., Paoprasert, P., 2019. Utilization of 
carbon dots from jackfruit for real-time sensing of acetone vapor and understanding 
the electronic and interfacial interactions using density functional theory. Appl. Surf. 
Sci. 487, 1233–1244. 

Vikrant, K., Kim, K.-H., Kumar, V., Giannakoudakis, D.A., Boukhvalov, D.W., 2020. 
Adsorptive removal of an eight-component volatile organic compound mixture by 
Cu-, Co-, and Zr-metal-organic frameworks: experimental and theoretical studies. 
Chem. Eng. J. 397, 125391. 

Wang, G., Dou, B., Zhang, Z., Wang, J., Liu, H., Hao, Z., 2015a. Adsorption of benzene, 
cyclohexane and hexane on ordered mesoporous carbon. J. Environ. Sci. 30, 65–73. 
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