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Project goals:

� Determine feedstock and pyrolysis conditions 

needed to: 

� Minimize hydrophobicity;

� Maximize field capacity and C sequestration 

capacity.

� Understand mechanisms controlling these 

properties.



Hydrophobicity + field capacity

� Hydrophobicity:

� Increased soil hydrophobicity reduces infiltration 
and increases overland flow (this is bad);

� Some biochars are quite hydrophobic.

� How do we engineer to avoid this?

� Field capacity

� One quick assessment of the ability of a soil to 

hold water.  Higher values are better.

Measurement techniques: 
hydrologic properties

� Field capacity:  water retained after saturation 

and 30 min free drainage;

� Hydrophobicity:  molarity of an ethanol drop 

(MED) test, (Doerr et al., 1998):

� Lowest concentration of etOH needed for 
immediate absorption into material.



Measurement techniques:  
chemical and physical structure

� Tools:  
� Bulk chemistry via solid state 13C NMR

� Surface chemistry via FTIR-ATR

� Porosity/surface area via N2 adsoption.

� Chars:

� Apple wood, corn stover, magnolia leaves

� 300°C, 400°C, 500°C, or 600°C

� 5°C/min, hold at final temperature for 4 hours

Hydrophobicity of fresh 
biochar

� Function of both pyrolysis T and feedstock

� Eliminated by heating to 500°C.



� Function of both pyrolysis T and feedstock;

� Maximized at 500°C.

Field capacity of fresh biochar

Two challenges and solutions

� Higher pyrolysis T => lower biochar yields. Trade-off 
between C sequestration and positive hydrologic 

properties?

� Must consider variation in soil residence time with 

production temperature.

� 10 g H2O/1 g biochar is physically possible only if 
water is stored in expanding gaps between particles:

� Must explicitly consider inter- as well as intra-biochar water 

storage:  this will vary with soil and with biochar type.



Less biochar is produced at 
higher pyrolysis temperatures
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Apple wood biochar remaining 
after pyrolysis

Large variability 
in biochar yields 

with temperature

Optimized C sequestration

� 3 modeled decomposition rates based on 

Zimmerman 2010:

� 300°C: 500 y

� 400°C: 650 y

� 600°C: 10,000 y



Optimized C sequestration

Optimized C sequestration

� Nonlinearities in 
pyrolysis chemistry 

result in trade-off 
between C yield and 

soil residence time;

� beyond 500 y, 
600°C sequesters 

more C:

� Intermediate 

pyrolysis 
temperatures are 

never optimal.



What is driving biochar 
hydrologic behaviors?

� Potential chemical controls:
� Bulk biochar chemistry;

� Surface (top few nanometers) chemistry.

� Potential physical controls:
� Pore size, physical arrangement, and connectivity.

� Existing chemical tools can explain biochar 
hydrophobicity BUT

� We need better tools to constrain biochar physical 
structure, which controls hydrologic behavior.

Chemical tools:  solid state 
Nuclear Magnetic Resonance

� NMR spectra provide information on the bulk 

chemical composition of complex mixtures of 

natural organic matter;

� Gold standard for measuring charcoal 

concentration in soils.



NMR cheat sheetAromatic rings in 
biochar appear at 

130 ppm:

Lipids from plant 
waxes and bacterial 

cell walls appear 

here:

Magnolia char, 600�C

Magnolia char, 300�C



Infrared spectroscopy (FTIR-ATR): 
chemistry of top few nanometers
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Stacked FTIR Spectra
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Increased heating reduces surface 
lipid groups
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Hydrophobicity is 
controlled by

� Pyrolysis temperature:

� >400°C for grasses and woods

� >500°C for anything with significant wax or oil 

content (leaves)

� Feedstock lipid content:

� Higher hydrophobicity with more lipids in 

feedstock.

Plant access to soil water is 
controlled by:

� Number of water-accessible pores in biochar

� These are 10s micrometer-scale pores 

� Not nanometer-scale pores.

� Connectivity of these pores.



Biochar small pore surface 
area by N2 sorption (BET):
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Data from Chen et al., ES&T 2008

� Small pore 

surface area 

goes up 

while water 

holding 

capacity 

goes down.

The ‘right’ kind of surface area 
measurements

� Likely not N2 sorption: nm-sized pores are not 
water or nutrient accessible.

� Tomography

� Thermogravimetry:  (Zygourakis et al., in prep 
2011.)



Conclusions:

� Chemistry controls biochar hydrophobicity:

� Bulk biochar chemistry;

� Surface (top few nanometers) chemistry.

� Physical structure controls biochar water-holding capacity:

� Pore size, physical arrangement, and connectivity.

� Existing chemical tools can explain biochar hydrophobicity
BUT

� We need better tools to constrain biochar physical structure, 
which controls hydrologic behavior.
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