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Preserve permeability and 
improve water quality

Less removal of polar trace 
organic contaminants

K. Zhang et al., Environ. Sci. Technol., 2014
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Amend with biochar to 
enhance sorption of polar 

contaminants
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Preserve permeability and 
improve water quality
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How long can 
contaminants be 
retained by  

?
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of 
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How long can 
contaminants be retained by  

Predict breakthrough times 
with forward transport model accounting for intra-
particle diffusion-limited sorption kinetics

Model 
Calibration

Column 
Verification

Commercial Biochar 
Selection

Model 
Predictions

?
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B. Ulrich et al., Environ. Sci. Technol., 2015, 49, 6222-6230
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Clean
Added NOM

Clean
Added NOM

Fipronil TCPP

B. Ulrich et al., Environ. Sci. Technol., 2015, 49, 6222-6230

Producer Type Process
Peak T

(°C)
SA 

(m2/g)
Calgon, PA AC - - 997

Mountain Crest Gardens, CA Biochar Gasification >1000 351

Aquacarb, CA Regenerated AC - - 350

Sonoma Compost, CA Biochar Fast pyrolysis >1000 330

Biochar Supreme, WA Biochar Flash pyrolysis >1000 202

NREL, CO Biochar Gasification 800 178

Biochar Engineering Corp., CO Biochar Fast pyrolysis 700 176

Biochar Now, CO Biochar Slow pyrolysis 600 118

Clean

20 Commercial Biochars 
and ACs

Clean With 
NOM

8 Biochars and 
ACs with high Kd

2 Biochars 
1 AC as performance 

reference



MCG Biochar

𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑝𝑝𝐷𝐷𝑤𝑤

1− 𝑝𝑝 𝜌𝜌𝑠𝑠𝐾𝐾𝑑𝑑,𝐸𝐸𝐸𝐸 + 𝑝𝑝
Kinetic 
equation:

BN Biochar

Langmuir 
Isotherm:

𝐶𝐶𝑠𝑠 =
𝐶𝐶𝑤𝑤

1 + 𝐶𝐶𝑤𝑤

F300 AC

Atrazine sorption to BCs pre-
fouled with DOC

Benzotriazole sorption to 
BCs pre-fouled with DOC

Batch results:

B. Ulrich et al., Environ. Sci. Technol., 2015, 49, 6222-6230
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B. Ulrich et al., Environ. Sci. Technol., 2015, 49, 6222-6230
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0.2 wt% MCG biochar in sand, 2 in/hr 
flow, 10 μg/L atrazine   
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Biochar dose in sand (weight %)

1 – 5 wt% MCG biochar, 10 μg/L 
atrazine 

1 in/hr infiltration rate
6 years predicted lifetime 

8 in/hr infiltration rate
1 year predicted lifetime

• Simulated as continuous input of 10 μg/L 
atrazine, converted runoff volume to years

 Basin 1% of catchment area, receiving 17 
in rain/yr, treating 50% of runoff 

• Compared results from pulsed 
column experiments (markers) to 
model predictions (solid line)

• Monte Carlo uncertainty analysis 
(dotted lines)

 Sorption-controlled contaminant retention times on the order of years
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1. Cultivated microbial 
consortium from runoff 
with DOC

2. Seeded biofilms on 
columns (sand, sand + 
0.5 wt% MCG-biochar)

3. Biologically inactivated 
controls

4. Injected with 10 μg/L 
contaminants at 1 in/hr

5. Flushed at 1 in/hr
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Biologically active column experiments

Can contaminant retention be 
maintained in presence of ? 
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Sand
+

Biochar

Sand
+

Biochar

 Biochar and biological activity enhance contaminant retention 

1 in/hr 1 in/hr
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10 cm treatment layer

10 cm planting layer

10 cm drainage layer

20 cm ponding layer 

GAC treated
(12.5 vol%, 6.7 wt%)

Biochar treated
(33 vol%, 6.7 wt%)

Conventional 
configurations

Long and 
short-rooted 

grasses

20% 
compost in 

sand

Can 
contaminant retention be 

maintained under 
?

Intermittently dose pilot columns

10 μg/L 
Contami

-nants

Creek 
water

6 in/hr 2 in/hr 4 in/hr 2 in/hr 2 in/hr~ Infiltration rate:
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Low Dose:
1 year, 15 min 
storm, 
simulated 
biweekly
• 2 L/dose
• 15 weeks
• 10 μg/L 

contaminants

High Dose:
10 year, 1 hr 
storm, 
simulated 4x 
weekly
• 8.4 L/dose
• 7 weeks
• 10 μg/L 

contaminants

Atrazine
Low
Dose

High 
Dose

 Contaminant retention maintained under intermittent flow
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 Biochar enhances 
retention in 
presence of 

 Significant 
contaminant

retention can be

 -
controlled 
contaminant 
retention 
times on the 
order of years
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Cuernavaca Park

• Biochar-sand infiltration basin in 
initial design phases, in collaboration 
with the City of Denver

• Dry weather outfall (continuous 
discharge to South Platte River)

BEST: Biohydrochemical
Enhancements for 

Streamwater Treatment 

Streamflow 

• Impermeable barriers to enhance 
exchange in hyporheic zone

• Biochar amendment for 
contaminant removal

• Potential agricultural applications

Biochar

S. Herzog et al., J. Environ. Eng., 2016, 142, 04015053 
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Principal Investigators
Chris Higgins – Colorado School of Mines
David Werner - Newcastle University
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Funding:
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Questions?
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Mountain Crest 
Gardens

(MCG-biochar)

Biochar Now 
(BN-Biochar)

Calgon F300
(F300-AC)

Physical 
characteristics

Process 
characteristics

Elemental 
composition

Slow pyrolysis
600 °C
Pine wood

Gasification
900 °C
Pine wood

Steam activation
-
Bituminous coal

114 m2/g 
1.5 g/cm3

0.60 v/v 
0.045 cm3/g 

317 m2/g 
1.7 g/cm3

0.56 v/v 
0.110 cm3/g 

884 m2/g 
2.0 g/cm3

0.70 v/v 
0.417 cm3/g 

83.4%
9.9%
8.4
4.3%

Process
Peak T
Feedstock

Surface area
Solid density
Porosity
μPore volume

C
O
C:O
Ash

78.2%
5.4%
14.5
15.7%

87.4%
4.6%
19.0
6.4%
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Wu and Gschwend, Wat. Resour. Res., 1988

𝑑𝑑𝐶𝐶𝑎𝑎𝐸𝐸
𝑑𝑑𝑑𝑑

= 𝒇𝒇𝑩𝑩𝑩𝑩𝑬𝑬𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅
𝜕𝜕2𝐶𝐶𝑎𝑎𝐸𝐸
𝜕𝜕𝑥𝑥2

−𝑓𝑓𝐵𝐵𝐵𝐵𝒖𝒖𝒙𝒙
𝜕𝜕𝐶𝐶𝑎𝑎𝐸𝐸
𝜕𝜕𝑥𝑥

𝑑𝑑𝐶𝐶𝑎𝑎𝐸𝐸
𝑑𝑑𝑑𝑑

= 𝐸𝐸𝑑𝑑𝑑𝑑𝑠𝑠𝑎𝑎
𝜕𝜕2𝐶𝐶𝑎𝑎𝐸𝐸
𝜕𝜕𝑥𝑥2

−

𝑢𝑢𝑥𝑥
𝜕𝜕𝐶𝐶𝑎𝑎𝐸𝐸
𝜕𝜕𝑥𝑥

−
𝜷𝜷
𝜃𝜃𝑎𝑎𝐸𝐸

𝐶𝐶𝑎𝑎𝐸𝐸 −
𝐶𝐶𝐵𝐵𝐵𝐵
𝐾𝐾𝑑𝑑

𝑑𝑑𝐶𝐶𝑎𝑎𝐸𝐸
𝑑𝑑𝑑𝑑

= 𝐸𝐸𝑑𝑑𝑑𝑑𝑠𝑠𝑎𝑎
𝜕𝜕2𝐶𝐶𝑎𝑎𝐸𝐸
𝜕𝜕𝑥𝑥2

− 𝑢𝑢𝑥𝑥
𝜕𝜕𝐶𝐶𝑎𝑎𝐸𝐸
𝜕𝜕𝑥𝑥

−
1 − 𝜃𝜃𝑎𝑎𝐸𝐸
𝜃𝜃𝑎𝑎𝐸𝐸

𝑑𝑑
𝑑𝑑𝑑𝑑

3�
0

𝑅𝑅 𝑟𝑟
𝑅𝑅

2
𝑺𝑺𝑑𝑑𝑟𝑟

𝒇𝒇𝑩𝑩𝑩𝑩
=

1

1 +
1 − 𝜽𝜽𝒂𝒂𝒂𝒂
𝜃𝜃𝑎𝑎𝐸𝐸

1 − 𝒅𝒅𝑩𝑩𝑩𝑩 𝒅𝒅𝑩𝑩𝑩𝑩𝑲𝑲𝒅𝒅 + 𝑝𝑝𝐵𝐵𝐵𝐵

𝜕𝜕𝑺𝑺
𝜕𝜕𝑑𝑑

=
𝑫𝑫𝒂𝒂𝒅𝒅𝒅𝒅

𝑅𝑅2
𝜕𝜕
𝜕𝜕𝑟𝑟

𝑟𝑟2
𝜕𝜕𝑆𝑆
𝜕𝜕𝑟𝑟

D. Werner et al, J. Contamin. Hydrol., 2012

𝑫𝑫𝒂𝒂𝒅𝒅𝒅𝒅 =
𝐷𝐷𝑎𝑎𝐸𝐸𝑝𝑝𝐵𝐵𝐵𝐵

𝝉𝝉 1 − 𝑝𝑝𝐵𝐵𝐵𝐵 𝑑𝑑𝐵𝐵𝐵𝐵𝐾𝐾𝑑𝑑 + 𝑝𝑝𝐵𝐵𝐵𝐵

Linear

𝑫𝑫𝒂𝒂𝒅𝒅𝒅𝒅 =
𝐷𝐷𝑎𝑎𝐸𝐸𝑝𝑝𝐵𝐵𝐵𝐵

𝝉𝝉 1− 𝑝𝑝𝐵𝐵𝐵𝐵 𝑑𝑑𝐵𝐵𝐵𝐵
𝑲𝑲𝒍𝒍𝑩𝑩𝒅𝒅,𝒎𝒎𝒂𝒂𝒙𝒙
1 + 𝐾𝐾𝑙𝑙𝐶𝐶𝑎𝑎𝐸𝐸

+ 𝑝𝑝𝐵𝐵𝐵𝐵

Langmuir
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