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Th e incorporation of biochar into soils has been proposed as a 
means to sequester carbon from the atmosphere. An added 
environmental benefi t is that biochar has also been shown to 
increase soil retention of nutrients, heavy metals, and pesticides. 
Th e goal of this study was to evaluate whether biochar amendments 
aff ect the transport of Escherichia coli through a water-saturated 
soil. We looked at the transport of three E. coli isolates through 
10-cm columns packed with a fi ne sandy soil amended with 2 or 
10% (w/w) poultry litter biochar pyrolyzed at 350 or 700°C. For 
all three isolates, mixing the high-temperature biochar at a rate 
of 2% into the soil had no impact on transport behavior. When 
added at a rate of 10%, a reduction of fi ve orders of magnitude in 
the amount of E. coli transported through the soil was observed 
for two of the isolates, and a 60% reduction was observed for the 
third isolate. Mixing the low-temperature biochar into the soil 
resulted in enhanced transport through the soil for two of the 
isolates, whereas no signifi cant diff erences in transport behavior 
were observed between the low-temperature and high-temperature 
biochar amendments for one isolate. Our results show that the 
addition of biochar can aff ect the retention and transport behavior 
of E. coli and that biochar application rate, biochar pyrolysis 
temperature, and bacterial surface characteristics were important 
factors determining the transport of E. coli through our test soil.

Biochar Pyrolyzed at Two Temperatures Aff ects Escherichia coli 
Transport through a Sandy Soil
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Biochar is a charcoal-like material generated 
during the pyrolysis of biomass. Th e high carbon (C) 
content of biochar (Ro et al., 2010) and its recalcitrant 

nature (Pessenda et al., 2001; Schmidt and Noack, 2000) have 
led to much interest in using biochar to sequester C from the 
atmosphere by incorporating it into soils (Lehmann et al., 
2006). Incorporation of biochar into soils can also reduce 
emissions of the more potent greenhouse gases nitrous oxide 
and methane (Jha et al., 2010; van Zwieten et al., 2010).

Recently, research has also focused on the use of biochar 
for a number of environmental and agricultural applications, 
such as improving soil properties and reducing environmen-
tal pollution (Lehmann et al., 2006). When incorporated into 
agricultural soils, biochar has been shown to improve soil phys-
ical properties and increase plant-available soil water (Chen et 
al., 2010; Laird et al., 2010). Moreover, biochar addition can 
improve chemical and nutritional properties of the soil (Laird 
et al., 2010; Liang et al., 2006; Novak et al., 2009) and in 
some studies has been shown to increase crop yield (Blackwell 
et al., 2010; Chan et al., 2008). Biochar amendments have 
also shown promise in reducing environmental pollution by 
eff ectively retaining nutrients (Chen et al., 2010; Laird et al., 
2010), heavy metals (Beesley and Marmiroli, 2011; Uchimiya 
et al., 2011), and pesticides (Cornelissen et al., 2005; Jones 
et al., 2011) in the soil. Th e mechanisms controlling biochar 
retention of contaminants in soils are not fully understood.

Although the ability of biochar to increase retention of 
nutrients, heavy metals, and pesticides in soils has received 
attention in recent years, data on the aff ect of biochar on the 
retention of microorganisms in soils are lacking. Determining 
whether biochar aff ects the transport and retention of micro-
organisms in soils, and if so understanding the mechanisms 
involved, has potential implications to human health. For 
instance, when animal manure is applied to agricultural 
land, groundwater supplies may be at risk from contamina-
tion by pathogenic microorganisms such as viruses, bacte-
ria, and protozoans if these pathogens are transported with 
infi ltrating water from the surface to the groundwater table. 

Abbreviations: BTC, breakthrough curve; CFU, colony-forming unit; DLVO, 
Derjaguin-Landau-Verwey-Overbeek; DOC, dissolved organic carbon; SOM, soil 
organic matter; SpC, specifi c conductivity.
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Microorganism transport through soils is governed by many 
factors, including the ionic strength and composition of the 
carrier fl uid (Bolster et al., 2001; Bolster et al., 2006; Walker 
et al., 2004), pH of the carrier fl uid (Kim et al., 2009; Scholl 
et al., 1990), and the concentration of organic matter in solu-
tion and on the sediment phase (Harvey et al., 2011; Johnson 
and Logan, 1996), all of which may be modifi ed when biochar 
is added to a soil (Laird et al., 2010). If biochar reduces the 
transport of bacteria through the soil, then it may help reduce 
groundwater contamination by pathogenic microorganisms. 
On the other hand, if biochar increases the transport of these 
microorganisms in soils, its application may increase the risk 
of contamination of groundwater supplies by enteropatho-
genic microorganisms. Th us, if biochar is to be widely used as 
a soil amendment, it is important that its impact on microbial 
transport through the soil be understood.

Th e ability of biochar to aff ect microbial transport through 
soils likely depends on the physical and chemical properties of 
the biochar, which are dependent on feedstock composition 
and operating conditions during pyrolysis. Th e most important 
operating condition aff ecting biochar properties is pyrolysis 
temperature (Downie et al., 2009). Higher pyrolysis tempera-
tures (400–700°C) result in lower mass recovery (Bruun et al., 
2011; Hossain et al., 2011; Novak et al., 2009) of biochar and 
a biochar that has lower percent nitrogen but higher micronu-
trient content (Hossain et al., 2011). Higher pyrolysis temper-
atures also produce biochars with greater surface areas, elevated 
pH levels, higher ash contents, and lower total surface charge 
(Novak et al., 2009; Uchimiya et al., 2011). Th ey also tend to 
be largely composed of compounds with aromatic structures 
with fewer ion exchange functional groups due to dehydration 
and decarboxylation (Baldock and Smernik, 2002; Novak et 
al., 2009). Biochars produced at lower temperatures (250–
400°C) have higher yield recoveries and contain more C=O 
and C-H functional groups, which impart negative charges 
that serve as nutrient exchange sites (Glaser et al., 2002; Novak 
et al., 2009). Because bacterial attachment to soils is aff ected 
by surface area, pH, and surface charge, we hypothesize that 
pyrolysis temperature will have a signifi cant eff ect on microbial 
transport through biochar-amended soils.

Th e objective of this study was to compare how applica-
tion of two diff erent biochars, each produced from the same 
feedstock but pyrolized at diff erent temperatures (350 and 
700°C), aff ects the transport of E. coli through a water-satu-
rated sandy soil when applied at rates of 2 and 10% (w/w). 
Escherichia coli was chosen as the model organism because it is 
one of three indicator organisms used by the USEPA for deter-
mining whether a groundwater source is fecally contaminated 
(USEPA, 2006). Because recent studies have shown that a large 
diversity exists in surface properties and transport behavior 
among diff erent E. coli isolates (Bolster et al., 2009; Foppen et 
al., 2010; Morrow et al., 2005), the transport behavior of three 
diff erent E. coli isolates was assessed in this study.

Materials and Methods
Bacteria Preparation
Th ree E. coli isolates cultured from swine wastewater collected 
from a lagoon located on the Western Kentucky University 

farm were used in this study (Bolster et al., 2010). Th e three 
isolates were comparable in size but diff ered in surface charge. 
Th e measured zeta potentials for the three isolates suspended 
in 1 mmol L−1 KCl were reported as −0.89, −6.2, and −45 mV 
for isolates SP3BO3, SP1H01, and SP2B07, respectively, with 
hydrophobicities of 11, 35, and 11%, respectively,  as mea-
sured by the microbial adhesion to hydrocarbon assay. Further 
details about the isolates can be found in Bolster et al. (2010). 
Th e E. coli isolates were maintained on eosin methyl blue agar 
plates (BBL; Becton Dickinson and Co., Sparks, MD).

Before each column experiment, 40 μL of an overnight 
culture was inoculated in 40 mL of Luria-Bertani broth 
and grown in a rotisserie incubator at 37°C until reaching 
mid-exponential growth phase (3.5 h). A refrigerated cen-
trifuge equipped with a fi xed-angle rotor was used to pellet 
the cells with an applied force of 3700 g for 15 min at 4°C. 
Th e cell pellet was resuspended in fi lter-sterilized (0.2 μm) 
1 mmol L−1 KCl solution prepared with deionized water and 
reagent-grade KCl (Fisher Scientifi c, Pittsburgh, PA) with no 
pH adjustment (pH ~5.7). Th e bacterial cells were washed 
three times in KCl solution to ensure complete removal of the 
growth medium. Th e bacterial suspension was then diluted 
using 1 mmol L−1 KCl to an optical density of ~0.02 at a 
wavelength of 546 nm to achieve a bacterial infl uent sus-
pension concentration of ~1.3 × 107 colony-forming units 
(CFUs) mL−1.

Soil and Biochar Characterization
Th e Crevasse soil (a mixed, thermic Typic Udipsamment) used 
in this study was collected from the top 15 cm in a wooded 
area with no known recent agricultural activities. Th e soil was 
classifi ed as a fi ne sand with a particle size distribution of 88% 
sand, 3% silt, and 9% clay as determined by the hydrometer 
method (Gee and Or, 2002). Before use, the soil was air-dried, 
passed through a 2-mm sieve, and mixed thoroughly. Th e two 
biochars used in this study were produced from the same poul-
try litter feed stock with one pyrolyzed at 350°C and the other 
at 700°C. Th e low-temperature biochar has a reported negative 
surface charge density of 1.1 mol H+ eq kg−1 C and surface 
area of 1.1 × 103 m2 kg−1; the high-temperature biochar has 
a reported surface area of 9.0 × 103 m2 kg−1 and no detectable 
negative surface charge (Novak et al., 2009). Further details 
about these biochars can be found in Novak et al. (2009).

Biochar was added to the soil to obtain fi nal concentra-
tions of 0, 2, and 10% (w/w). Although our 10% application 
rate is somewhat higher than what might be realistic at the 
fi eld scale, it is well within the range used in laboratory stud-
ies looking at the eff ect of biochar addition on nutrient leach-
ing (Lehmann et al., 2003) and contaminant sorption to soils 
(Spokas et al., 2009; Uchimiya et al., 2010). One kilogram of 
each biochar–soil mixture was placed in dedicated cylindrical 
glass jars and homogenized on a roller mixer for 72 h. Soil pH 
was measured using an Orion combination pH probe (Th ermo 
Electron Corp., Beverly, MA) at a 1:1 ratio (10 g soil material 
in 10 mL of a 1 mmol L−1 KCl solution). Soil organic carbon 
was determined by dry combustion with a total N/C analyzer 
(Vario Max CN; Elementar Americas Inc., Mt. Laurel, NJ).
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Column Preparation
Chromafl ex chromatography columns (2.5-cm inside diameter 
and 15-cm height) (Kontes Glass Co., Vineland, NJ) were dry-
packed to a fi nal height of 10 cm by slowly pouring the appro-
priate soil–biochar mixture into the column in 2-cm sections at 
a time while the column was being vibrated. Th e surface of the 
packed 2-cm section was stirred before the addition of more 
soil to prevent layering. Before packing, the complete column 
set-up (including tubing) was sterilized with 70% ethanol. 
Separate columns were packed for each isolate and biochar 
combination yielding fi ve columns per replicate per isolate 
with three replicates for isolates SP1H01 and SP3B03 and two 
replicates for isolate SP2B07 due to limited biochar availability 
(for a total of 40 columns). Replicate columns were conducted 
on separate days to ensure true replication in time.

After packing, CO2 was introduced into each column at a 
rate of 20 mL min−1 for 20 min (~18 pore volumes) through 
the inlet tubing. While introducing CO2, the open tip of the 
outlet tubing was submerged in water to prevent atmospheric 
air from entering the column. A 1 mmol L−1 KCl electro-
lyte solution was then introduced through the lower end of 
the column at a rate of 0.1 mL min−1 using a syringe pump 
(Model 200; KD Scientifi c Inc., New Hope, PA) until effl  u-
ent was observed at the outlet, after which the electrolyte solu-
tion was pumped at a rate of 0.67 mL min−1. After 90 min, 
50-mL effl  uent samples were collected and analyzed for pH 
and specifi c conductivity (SpC), where pH was measured using 
an Orion combination pH probe and SpC was measured with 
a YSI 556 Multi-Probe System (YSI Environmental, Yellow 
Springs, OH). Quasi-stable pH and SpC readings were usually 
achieved after collection of 250 mL of effl  uent. After collection 
of the 250 mL of effl  uent, the composition of the effl  uent was 
determined by passing samples through a 0.45-μm fi lter and 
analyzing for Al, Ca, Fe, Mg, and Na using inductively coupled 
plasma–optical emissions spectroscopy (Vista Pro; Varian Inc., 
Palo Alto, CA); Cl, K, PO4–P, and SO4–S by ionic chroma-
tography (ICS 3000; Dionex Corp., Sunnyvale, CA); and dis-
solved organic carbon (DOC) by loss on ignition (LiquiTOC; 
Elementar Americas Inc., Mt. Laurel, NJ).

After equilibration, the saturated setup was disconnected 
from the pump (the outlet and inlet tubings were clamped) 
and weighed to gravimetrically determine the quantity of water 
in the column at saturation and checked against the com-
puted pore volume of the packed material. After weighing, the 
column was fastened upright to an iron stand, the inlet tube 
was reconnected to the syringe pump, and the outlet tubing 
was connected to a Spectra/Chrom CF-1 fraction collector 
(Spectrum Chromatography, Houston, TX).

A bromide solution (1 mmol L−1 KBr) was applied to two 
of the replicates for each soil–biochar treatment (for a total 
of 10 Br breakthrough curves [BTCs]) so that a dispersion 
coeffi  cient for each soil–biochar mixture could be estimated 
from modeling of the Br BTCs. Th e KBr solution was applied 
to the columns at a rate of 0.67 mL min−1 for 38 min (~1.2 
pore volumes) followed by ~2.8 pore volumes of electrolyte 
solution. Effl  uent samples were collected every 4 min using 
the fraction collector (2.68 mL). After completion of the Br 
injections, an additional four pore volumes of 1 mmol L−1 

KCl electrolyte solution were passed through the column 
before collection of ~4.5 pore volumes of effl  uent; this was 
considered the baseline sample for chemical analysis and 
determination of background bacterial concentrations. All 
columns were leached with at least 30 pore volumes of KCl 
solution before the bacterial transport experiments.

Bacterial Transport Experiments
Using the syringe pump, each bacterial suspension was applied 
to the column at a rate of 0.67 mL min−1 (Darcian fl ux of 
~0.14 cm min−1) for 38 min followed by ~2.8 pore volumes 
of bacteria-free electrolyte solution. Effl  uent samples were col-
lected every 4 min (~2.68 mL) with the fraction collector. One 
milliliter of suspension was then drawn from each sample for 
preparation of dilutions ranging from 100 to 10−4. Th e diluted 
effl  uent samples were then plated on mFC Agar plates (Difco 
Laboratories Inc., Detroit MI) using the drop-plate method 
(two replicates of four 10-μL drops per sample). When low 
bacterial concentrations were expected, 100 μL of effl  uent 
sample was also plated using the spin-plate method. As a qual-
ity assurance check, every fi fth effl  uent sample was also plated 
on mTEC Agar (Difco Laboratories Inc.), which is a more 
E. coli–selective media. (Th e slope between colonies counted 
on mFC and mTEC was not signifi cantly diff erent from 1.) 
Colony-forming units were counted after the plates were incu-
bated overnight at 37°C.

After completion of the transport experiments, each column 
was dissected to quantify the spatial distribution of reversibly 
attached E. coli within the column. Th e fi rst centimeter clos-
est to the inlet was divided into two 0.5-cm sections, and the 
remainder of the column was excavated in 1-cm sections using 
a plastic spoon that was sterilized with 70% ethanol after each 
sample. Soil from each section was placed in pre-weighed 
50-mL centrifuge tubes (Falcon; Becton Dickinson and Co., 
Sparks, MD) followed by addition of 20 mL of 1 mmol L−1 
KCl solution and weighed. Th e resulting suspension was mixed 
with a vortex shaker for 20 s and allowed to stand for 15 min. 
One milliter of suspension drawn from each tube was used to 
prepare predetermined dilutions (100 to 10−4) and plated on 
mFC plates using the drop-plate method. Th e remaining soil 
suspensions were oven-dried to determine the total mass of 
soil removed from each section so that the concentration of 
sediment-attached bacteria at each depth could be calculated.

Batch Experiments
Th e sorption of two of the isolates, SP1H01 and SP2B07, to 
the diff erent soil–biochar mixtures was assessed using single-
point sorption isotherms. Th e E. coli isolates were prepared as 
described in the bacterial transport experiments and diluted to 
a similar concentration of 1 × 107 CFU mL−1. Bacterial solu-
tion (20 mL) was added to 2 g of soil or soil–biochar mixtures 
in 50-mL plastic centrifuge tubes in triplicate and placed on a 
rotary shaker at 100 rpm for 1 h. Th e 1-h equilibration time 
was chosen to be consistent with the residence time of the bac-
teria in the columns. After mixing, the tubes were centrifuged 
at 200 × g for 5 min. After centrifugation, 1 mL of suspension 
was drawn from each tube and used to prepare predetermined 
dilutions (100 to 10−4). Samples from each dilution were plated 
on mFC plates using the drop-plate method. Th e amount of 
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bacteria sorbed to the soil was determined from the initial and 
fi nal concentrations of bacteria in solution. Th e sorption coef-
fi cient, K (mL g−1), was calculated from the ratio of the con-
centration of sorbed bacteria to the concentration of bacteria in 
solution after equilibration.

Bacterial Survival Experiments
Survival experiments were conducted concurrently with each 
column experiment. Nine milliliters of background effl  uent 
(collected before bacterial suspension application) was placed 
in separate culture tubes. One milliliter of the bacterial suspen-
sion used in the transport experiment was added to each tube 
and mixed thoroughly with a vortex shaker, resulting in a 1:10 
mixture of bacterial suspension and background effl  uent. A 
tube with 9 mL of the 1 mmol L−1 KCl solution was also mixed 
with 1 mL of the same bacterial suspension. Immediately after 
mixing, 1 mL was drawn from each mixture, prepared to a 
desired dilution, and plated on mFC agar. From the same mix-
tures, 1 mL of suspension was drawn, diluted, and plated at the 
end of each experiment (2 h).

Data Analysis
Th e bacterial BTCs for each treatment were fi t with a fi rst-
order deposition model (Bolster et al., 1998; Hornberger et 
al., 1992):
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where C is the reduced concentration of bacteria in the aqueous 
phase (C = c/c0, where c is the aqueous bacterial concentration 

[cells mL−1], and c0 is the initial concentration of cells [cells 
mL−1] applied to the column), S is the reduced concentration 
of deposited bacteria in the column (S = sρb/εc0, where s is the 
concentration of deposited bacteria in the column [cells g−1], ρb 
is the bulk density of the sediments [g cm−3], ε is porosity [cm3 
cm−3]), x is the length of the column (cm), v is the interstitial 
pore water velocity (cm h−1), k1 is the bacterial deposition rate 
(h−1), k2 is the entrainment rate (h−1), and D is the hydrody-
namic dispersion coeffi  cient, which was fi xed at 1.4 cm2 h−1 for 
all treatments based on the average value of D obtained from 
fi tting Br BTC data from two replicates from each soil–biochar 
treatment. Th e transport model was fi t to the BTC data using 
Levenberg–Marquardt least-squares regression where Eq. [1] 
and [2] were solved by the fi nite-diff erence method for a semi-
infi nite column with a fl ux-averaged inlet boundary condition.

One-way ANOVA was performed to identify statistically 
signifi cant treatment diff erences in soil properties, E. coli sur-
vival, E. coli sorption to soil, and the fractional recovery of 
E. coli from the 10-cm soil columns. (Th e fractional recovery 
of bacteria was calculated based on the total number of cells 
injected into the column and the total number of cells eluted 
from the column.) Mean separations were performed using 
Tukey’s HSD test. All statistical analyses were performed using 
SAS Version 9.1 (SAS Institute, 2003), and diff erences were 
considered signifi cant at p < 0.05.

Results
Soil and Effl  uent Characteristics
Th e addition of the biochar to the fi ne sand resulted in signifi -
cant changes to several of the measured soil properties (Table 1). 
Th e pH and total organic carbon content of the soil increased 
with increasing biochar content for low- and high-temperature 

Table 1. Selected characteristics of the sandy soil and column effl  uent after mixing soil at rates of 2 and 10% with biochar produced from poultry 
litter at 350 and 700°C.

 
Biochar treatment

0%
700°C 350°C

2% 10% 2% 10%

Soil
 Bulk density, g cm−3 1.43a† 1.43a 1.37b 1.44a 1.38b
 Porosity 0.44b 0.44b 0.46a 0.44b 0.44b
 pH 7.55e 9.61b 10.3a 7.82d 8.26c
 Total C, % 0.46c 1.15b 4.46a 1.14b 4.08a
Effl  uent solution
 pH 7.09e 8.64b 10.6a 7.39d 8.18c
 SpC, mS cm−1 0.148c 0.202b 0.420a 0.227b 0.426a

——————————————————————– mg L−1 —————————————————————–
 DOC 0.91b 1.73b 1.68b 4.78a 17.5a
 Al 0.080b 0.261b 0.688a 0.110b 0.273b
 Ca 3.99b 3.20b 0.746d 6.06a 1.89c
 Cl 39.9b 40.2b 48.1a 36.7b 39.2b
 Fe 0.091a,b 0.086a,b 0.022b 0.113a,b 0.164a
 K 26.5c 31.8b 84.1a 34.9b 81.6a
 Mg 1.18d 3.09c 0.252e 5.89a 4.45b
 Na 0.274c 2.71b 18.7a 2.19b 21.1a
 PO4–P 0.211d 2.69c,d 4.22c 7.52b 20.3a
 SO4–S 0.038c 0.307b 0.221b 0.276b 1.54a

† Mean values in each row followed by the same lowercase letters are not signifi cantly diff erent using Tukey’s HSD test at p < 0.05.
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biochars. Although biochar pyrolysis temperature did not have 
a signifi cant eff ect on total carbon content of the soil, the pH 
of the soil mixed with the high-temperature biochar was signifi -
cantly greater than the pH of the soil mixed with the low-tem-
perature biochar. Biochar added at a rate of 2% did not aff ect 
the bulk density of the soil columns, whereas a 10% mixture of 
biochar resulted in a small, but statistically signifi cant, reduction 
in bulk density.

Biochar addition to the fi ne sand also had a signifi cant eff ect 
on the pH and composition of the column effl  uent (Table 1). 
For the high-temperature biochar, the pH of the column effl  u-
ent increased from 7.09 for the biochar-free soil to 8.64 and 
10.3 for biochar additions of 2 and 10%, respectively. Addition 
of the low-temperature biochar also resulted in signifi cant 
increases in pH. However, the pH of the effl  uent from the 
low-temperature biochar–soil mixtures was signifi cantly less 
than the pH from the high-temperature biochar–soil mixtures. 
Increasing biochar concentrations yielded systematic increases 
in effl  uent concentrations of DOC, SpC, Al, Na, and PO4–P. 
Effl  uent from the low-temperature biochar yielded higher con-
centrations of DOC and PO4–P compared with effl  uent from 
the high-temperature biochar. For the high-temperature bio-
char, no signifi cant diff erence was observed in effl  uent DOC 
and PO4–P concentrations for the 2 and 10% application rate, 
whereas for the low-temperature biochar amendments, effl  uent 
concentrations of DOC and PO4–P were several times greater 
for the 10% application rate compared with the 2% rate. 
Conversely, effl  uent Ca and Mg concentrations were lower for 
the 10% application rate than the control or 2% application 
rate for both biochars (Table 1). No clear trends were observed 
for the other measured constituents.

Transport Studies
Although a signifi cant amount of variability was observed 
in the effl  uent concentrations of E. coli, the bacterial BTCs 
were well described by the model with r2 values ≥0.95 (Fig. 
1; Table 2). Th e exception was the BTC data from the 10% 
high-temperature biochar columns for isolates SP1H01 and 
SP3B03. For these two isolates, the reduced effl  uent con-
centrations (c/c0) were at or below the detection limit of 
~1 × 10−6, and thus we were unable to fi t the BTCs with any 
degree of confi dence. Instead, we obtained a lower estimate 
of the attachment rate for a fractional recovery of 1 × 10−6 
using the method of Bolster et al. (1998), which yielded a 
minimum k1 value of 0.6 h−1 (Table 2).

Th e mean fractional recoveries of E. coli from the bio-
char-free soil columns were 0.23, 0.43, and 0.83 for isolates 
SP3B03, SP1H01, and SP2B07, respectively (Table 2), yield-
ing fi tted attachment rates of 0.051, 0.033, and 0.0086 h−1. For 
all three isolates, mixing the high-temperature biochar at a rate 
of 2% into the soil had no impact on transport behavior (Fig. 
1; Table 2). When added at a rate of 10%, however, a signifi -
cant decrease was observed in the amount of cells transported 
through the columns. For isolates SP1H01 and SP3B03, the 
reduced effl  uent concentrations (c/c0) were at or below the 
detection limit of ~1 × 10−6, which is a decrease of more than 
fi ve orders of magnitude compared with the untreated soil. A 
lower estimate of the attachment rate, k1, calculated for a frac-
tional recovery of 1 × 10−6 value was 0.6 h−1. Th us, the presence 

of the high-temperature biochar increased the attachment rate 
for these isolates by a minimum of one order of magnitude. 
For isolate SP2B07, the 10% addition of the high-temperature 
biochar reduced the fractional recovery from 0.83 to 0.33 and 
increased k1 by a factor of 5 (from 0.0086 to 0.044) (Table 2).

In contrast to the high-temperature biochar, the eff ect of 
mixing the low-temperature biochar into the soil varied depend-
ing on the isolate. For SP2B07, no signifi cant diff erences in frac-
tional recoveries or fi tted attachment rates existed between the 
low-temperature and high-temperature biochar–soil mixtures. 
Conversely, for the isolates SP1H01 and SP3B03, mixing the 
low-temperature biochar into the soil resulted in increased trans-
port of these isolates through the soil column. For instance, the 
fractional recovery for SP3B03 increased from 0.23 for biochar-
free soil to 0.91 and 0.69 for the 2 and 10% biochar application 
rates, respectively, whereas for SP1H01, the fractional recovery 
increased from 0.43 for the biochar-free soil to 0.87 and 0.74 
for the 2 and 10% biochar application rates, respectively (Fig. 
1; Table 2). Although the fractional recovery was greater for the 
2% application rate compared with the 10% application rate for 
both of these isolates, these diff erences were not signifi cant (p > 
0.05) according to Tukey’s HSD test.

Fig. 1. Fitted (solid line) and observed normalized breakthrough 
curves for Escherichia coli isolates (A) SP3B03, (B) SP1H01, and (C) 
SP2B07 for columns packed with 0, 2, or 10% low-temperature (LT) or 
high-temperature (HT) biochar. Error bars represent 1 SD of the mean.
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Survival Study
At the beginning of each experiment, E. coli were placed in 
microcosms containing column effl  uent or 1 mmol L−1 KCl 
solution, and the concentrations of culturable cells were deter-
mined at the beginning and end (2 h) of each experiment. For 
SP1H01 and SP2B07, no signifi cant diff erences (p > 0.05) in 
CFUs were observed for any of the column treatments, indi-
cating that no net growth or inactivation of cells occurred over 
the 2-h experimental period (data not shown). For SP3B03, 
however, signifi cant decreases (p < 0.05) of up to 50% in the 
concentration of CFUs occurred for several of the treatments 
over the 2-h experimental period, although there was no cor-
relation between loss of culturability and transport behavior for 
this isolate, indicating that the observed diff erences in trans-
port behavior between biochar treatments for this isolate were 
not due to diff erences in culturability of the cells. Because we 
did not measure viability of the cells, it is unclear whether the 
reduced concentrations in CFUs for SP3B03 were due to cell 
death or cell injury.

Column Dissections
Th e spatial distributions of the reversibly attached cells for each 
column are depicted in Fig. 2. Based on the amount of E. coli 
recovered in the column effl  uent, the amount of cells recovered 
in the column dissections ranged from 4.8 to 49% of the total 
amount of E. coli retained in the columns (Table 3). Th is sug-
gests that the majority of the cells were strongly attached to the 
sediment and thus were not removed during the washing pro-
cess or that retention within the columns adversely aff ected the 
culturability of the E. coli isolates, although the latter explana-
tion seems unlikely given results from the survival experiments.

For SP3B03 and SP1H01, the normalized concentrations 
of reversibly attached E. coli in the fi rst 1 cm were nearly an 
order of magnitude greater for the 10% high-temperature bio-
char–amended soil than for any of the other treatments (Fig. 
2A and 2B); these results are consistent with the observed high 
rates of removal observed for these two isolates for this biochar 
treatment. Conversely, concentrations for both of these isolates 
were signifi cantly lower for the 10% high-temperature biochar 
than for the other treatments at 3 cm and beyond. Indeed, 
concentrations were below detection beyond 3-cm depth for 
these two isolates, indicating that the vast majority of reversibly 
attached cells for this treatment were located within 3 cm of 
the column inlet. On the other hand, for the remaining treat-
ments, concentrations of reversibly attached E. coli remained 
relatively constant with depth after the fi rst 2 cm.

Although the results from the column dissections were gen-
erally in qualitative agreement with the observed BTCs, there 
are some important discrepancies. For example, with SP2B07, 
the 10% low-temperature biochar treatment consistently 
resulted in greater concentrations of reversibly attached cells 
than did the 10% high-temperature biochar treatment even 
though the total number of cells recovered from these columns 
was not signifi cantly diff erent. Moreover, for SP1H01, the frac-
tional recovery for the 10% low-temperature biochar treatment 
was higher (and thus the total number of cells retained in the 
column was lower) than the untreated or 2% high-temperature 
biochar treatments, yet the reversibly attached cell concentra-
tions were noticeably higher for the 10% low-temperature 
biochar treatment. No clear trend was observed between the 
percentage of reversibly attached cells and biochar treatment or 
cell properties (Table 3), indicating that additional research is 
required to understand these discrepancies.

Table 2. Measured fractional recoveries and fi tted deposition and entrainment parameters. Also included is r2 as a measure of goodness-of-fi t of the 
model to the data.

Parameter†
Biochar treatment

0%
700°C 350°C

2% 10% 2% 10%

SP3B03
k1, h−1 0.051 0.053 >0.6‡ 0.0058 0.015
k2, h−1 0.00045 0.00030 n/d§ 0.0078 0.0026
fr 0.23a¶ 0.23a BDL# 0.91b 0.69b
r2 0.99 0.99 n/d 0.99 0.96

SP1H01
k1, h−1 0.033 0.036 >0.6‡ 0.0075 0.014
k2, h−1 0.0012 0.00089 n/d 0.0037 0.0041
fr 0.43a 0.39a BDL 0.87b 0.74b
r2 0.96 0.96 n/d 0.99 0.98

SP2B07
k1, h−1 0.0086 0.0086 0.044 0.0094 0.049
k2, h−1 0.0033 0.0026 0.0012 0.0030 0.0014
fr 0.83a 0.82a 0.33b 0.80a 0.31b
r2 0.99 0.99 0.95 0.98 0.97

† fr, fractional recovery; k1, fi tted deposition coeffi  cient; k2, fi tted entrainment coeffi  cient.

‡ Minimum value of k1 given a fractional recovery of 1 × 10−6.

§ Not determinable.

¶ Mean fr values in each row followed by the same lowercase letters are not signifi cantly diff erent using Tukey’s HSD test at p < 0.05.

# Below detection limit of 1 × 10−6.
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Batch Experiments
Batch experiments were performed to evaluate the sorption 
behavior of isolates SP1H01 and SP2B07 to the various soil–
biochar mixtures. For SP1H01, the sorption coeffi  cient, K, was 
several orders of magnitude greater for the 10% high-temper-
ature biochar treatment than for all other treatments (Table 
4). Similarly, the sorption of SP2B07 was greatest for the 10% 
application of the high-temperature biochar, although the K 
value was several orders of magnitude lower than SP1H01. For 
SP1H01, K values were signifi cantly lower for low-tempera-
ture biochar application rates than for the soil-only treatment, 
whereas for SP2B07, K values were slightly greater for the 
low-temperature biochar treatments than for the biochar-free 
soil, although the 2% application was not signifi cantly diff er-
ent from the control. Generally, these results are in qualitative 
agreement with the transport studies. Th at is, treatments with 
high K values generally coincided with low fractional recoveries 
and vice versa. Notable exceptions include the higher K values 
observed for each isolate for the 2% high-temperature biochar 
treatments compared with the biochar-free soil even though 
fractional recoveries were similar for both treatments. Also, 
the sorption of SP2B07 was signifi cantly greater for the 10% 
high-temperature biochar compared with the low-temperature 
biochar, yet fractional recoveries were nearly identical for these 
two treatments.

Discussion
Recent studies have demonstrated the ability of biochar to 
eff ectively retain nutrients, heavy metals, and pesticides in soils 
(Beesley and Marmiroli, 2011; Chen et al., 2010; Cornelissen 
et al., 2005; Jones et al., 2011; Laird et al., 2010; Uchimiya et 
al., 2011). Here we show that the addition of biochar to soils 
can also aff ect the retention and transport of E. coli in soils and 
that biochar application rate, pyrolysis temperature of the bio-
char, and the surface characteristics of the E. coli are important 
factors. Th e addition of the biochar to the sandy soil increased 
soil organic matter (SOM) content and solution ionic strength, 
pH, and DOC concentration, all of which have been shown 
to aff ect bacterial transport through porous media (Bolster et 
al., 2006; Harvey et al., 2011; Kim et al., 2009). Because we 
did not test each of these variables separately, it is not possible 
to determine which factors controlled the changes in trans-
port behavior that we observed. Nonetheless, in reviewing our 
results, we can obtain some insights into the processes aff ecting 
E. coli transport through biochar-amended soils.

Th e application of both biochars resulted in an increase in 
ionic strength as measured by SpC. Increasing ionic strength 
decreases the thickness of the electrical double layer of counter 
ions around bacteria and the soil particles. According to the 
Derjaguin–Landau–Verwey–Overbeek (DLVO) theory of col-
loid stability, this results in a decrease in the electrostatic dou-
ble-layer repulsive forces between the bacteria and negatively 
charged soil particles (Elimelech et al., 1995), which can lead 
to increased bacterial deposition (Bolster et al., 2006; Fontes et 
al., 1991; Walker et al., 2004; Walker et al., 2005), although 
transport of E. coli isolates having a low net negative surface 
charge has been shown to be relatively insensitive to changes in 
ionic strength (Bolster et al., 2006; Haznedaroglu et al., 2009). 

Our observation that both of the 10% biochar amendment 
treatments resulted in a 5-fold increase in the deposition coef-
fi cient for SP2B07 is in qualitative agreement with the DLVO 
theory. Th is is also true of our observation that the 10% high-
temperature biochar addition resulted in a large increase in the 
retention of isolates SP3B03 and SP1H01. Although consis-
tent with the DLVO theory, such large decreases in transport 
are usually associated with order of magnitude increases in 
ionic strength, whereas we observed less than a 3-fold increase 
in SpC. Furthermore, for isolates SP3B03 and SP1H01, appli-
cation of the low-temperature biochar at 10% resulted in an 
increase in transport through the fi ne sand even though ionic 
strength increased. Th us, it is unlikely that changes in ionic 
strength resulting from biochar addition to our soil explain our 
observations.

Th e addition of both biochars to the soil also resulted in an 
increase in soil and solution pH. Elevating pH is expected to 
increase the negative charge on the soil and the bacteria due 
to dissociation of proton groups. Th is can lead to enhanced 
transport due to greater electrostatic repulsion between the 
soil and bacteria (Kim et al., 2009). Th e application of the 
low-temperature biochar at 2 and 10% resulted in increased 

Fig. 2. Normalized concentrations of reversibly attached Escherichia 
coli cells with column depth for isolates (A) SP3B03, (B) SP1H01, and (C) 
SP2B07 for columns packed with 0, 2, or 10% low-temperature (LT) or 
high-temperature (HT) biochar. Error bars represent 1 SD of the mean.
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transport of SP3B03 and SP1H01; however, when the high-
temperature biochar was applied at 10%, the increase in pH 
of the effl  uent was greatest, but transport decreased rather than 
increased. Moreover, application of low- and high-temperature 
biochars at 10% resulted in a signifi cant decrease in trans-
port of SP2B07, indicating that changes in solution pH alone 
cannot explain our observations.

Mixing the low-temperature biochar with our soil resulted 
in a signifi cant increase in DOC and PO4 concentrations in 
the effl  uent. Th e presence of DOC and PO4 in pore fl uids has 
been shown to aff ect the transport of bacteria through soils 
and aquifer materials by sorbing onto bacterial surfaces and 
increasing the negative charge of the bacteria (Foppen et al., 
2008; Johnson and Logan, 1996; Johnson et al., 1996; Sharma 
et al., 1985). Compared with the biochar-free soil, addition of 
the low-temperature biochar to the soil increased the transport 
of isolates SP1H01 and SP2B03. However, similar increases in 
transport were not observed for the more negatively charged 
SP2B07. Indeed, compared with the biochar-free soil, the 
transport of SP2B07 was signifi cantly reduced for the 10% 
low-temperature biochar treatment.

Addition of the biochar to our soil also resulted in an 
increase in the SOM content of the soil. Generally, the pres-
ence of organic matter on soils has been shown to increase 
the transport of bacteria through soils and aquifer materials 
(Foppen et al., 2008; Harvey et al., 2011; Johnson and Logan, 
1996; Scholl and Harvey, 1992), although decreases in micro-
bial transport have also been reported with the addition of 
SOM (Bales et al., 1993; Kinoshita et al., 1993). Enhanced 
transport due to increased SOM is most often assumed to 
be a result of the modifi cation of the sediment surface due 
to sorption of organic matter or the competition between 
organic matter and bacteria for attachment sites on the sedi-
ment surface. Increased fractional recoveries were observed 
for SP3B03 and SP1H01 when the low-temperature biochar 
was applied to the soil. Application of the high-temperature 
biochar to the soil, however, resulted in no change or in a sig-
nifi cant decrease in fractional recoveries for these two isolates 

depending on application rates. One possible explanation for 
the diff erence in how the two biochars aff ected cell retention 
for these two isolates is that the total negative surface charge 
as measured by the Boehm titration method was much greater 
for the low-temperature than for the high-temperature biochar 
(Novak et al., 2009). Studies have shown that biochars pyro-
lyzed at low temperatures generally have greater negative sur-
face charge than biochars pyrolyzed at high temperature due 
to low-temperature biochars containing more C=O and C–H 
functional groups, which impart negative charges (Glaser et 
al., 2002; Novak et al., 2009; Uchimiya et al., 2011). Th us, 
the sorption of the low-temperature biochar on the soil surface 
may have increased the net negative charge on these surfaces, 
thereby increasing electrostatic repulsion between the soil and 
bacteria, leading to increased transport, whereas sorption of the 
high-temperature biochar did not signifi cantly aff ect the over-
all net negative charge of the soil. It is not clear, however, why 
the low-temperature biochar did not decrease the retention of 
the more negatively charged SP2B07 in the soil columns. It is 
possible that, because this isolate had a much greater surface 
charge, the biochar did not signifi cantly aff ect the overall elec-
trostatic repulsion between this isolate and the soil particles. 
Although this could explain why the 2% application rate did 
not aff ect fractional recovery of this isolate, it does not explain 
why the 10% application rate of the low-temperature biochar 
resulted in a decrease rather than an increase in transport for 
this isolate.

It is not clear why we observed such low fractional recover-
ies of E. coli from soil columns containing 10% high-tempera-
ture biochar. One possibility is that such a high rate of biochar 
application resulted in clogging of pores and changes in pore 
structure, leading to an increase in the physical straining of the 
bacterial cells (Bradford et al., 2006). Th is could also explain 
the similar reductions in transport of SP2B07 with the 10% 
low-temperature biochar columns, although the enhanced 
transport of SP1H01 and SP3B03 observed for this treat-
ment would seem to rule this mechanism out. Furthermore, 
the general agreement between the transport and batch experi-

Table 3. Percentage of retained cells that were reversibly attached (i.e., recovered during column dissections). Percentages determined by mass bal-
ance on total colony-forming units introduced into the column, total colony-forming units recovered in the effl  uent, and total colony-forming units 
recovered from column dissections.

Isolate
Biochar treatment

0%
700°C 350°C

2% 10% 2% 10%

———————————————————————————— % ————————————————————————————
SP3B03 23 18 20 10 4.8
SP1H01 10 9.7 17 31 45
SP2B07 22 27 13 13 49

Table 4. Sorption coeffi  cients for isolates SP1H01 andSP2B07.

Isolate
Biochar treatment

0%
700°C 350°C

2% 10% 2% 10%

—————————————————————————— mL g−1 ——————————————————————————
SP1H01 6.4 × 101c† 3.2 × 102b 1.9 × 105a 2.6 × 101d 1.1 × 101e
SP2B07 7.5 × 100c 2.1 × 101b 2.0 × 102a 1.2 × 101bc 1.9 × 101b

† Mean values of the sorption coeffi  cient in each row followed by the same lowercase letters are not signifi cantly diff erent using Tukey’s HSD test at p < 
0.05. Statistics performed on log-transformed data.
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ments indicates that increased physical straining was unlikely 
to be the primary mechanism controlling the high retention of 
E. coli observed in these columns. For instance, we observed 
signifi cantly greater sorption of E. coli to the 10% high-tem-
perature soil–biochar mixtures compared with the other treat-
ments. We also measured the sorption of isolate SP1H01 to be 
much greater than the sorption of SP2B07 to the 10% high-
temperature soil–biochar mixtures. Both of these observations 
are consistent with the measured fractional recoveries for these 
treatments. Th us, it appears that the increased retention of E. 
coli in the 10% high-temperature biochar columns was not due 
to pore clogging but rather was due to an increase in favorable 
conditions for bacterial deposition. Although our 10% appli-
cation rate is higher than what is typically used during normal 
biochar applications, the signifi cant increase in sorption and 
reduction in transport we observed for the E. coli isolates with 
this treatment suggests that the use of biochar in engineered 
systems specifi cally designed to reduce pathogen transport 
through soils should be considered.

Clear diff erences in transport behavior were observed 
between isolate SP2B07, which has a high net negative surface 
charge in 1 mmol L−1 KCl (Bolster et al., 2010), and isolates 
SP1H01 and SP3B03, which both have a low net negative sur-
face charge in 1 mmol L−1 KCl. In the biochar-free soil, the 
transport of SP2B07 was much greater than the transport of 
SP1H01 and SP3B03, presumably due to greater electrostatic 
repulsion between SP2B07 and the negatively charged soil 
particles; a similar trend in the transport of these three iso-
lates was observed through columns packed with acid-washed 
quartz sand (Bolster et al., 2010). For the high-temperature 
biochar addition, we also observed greater transport of SP2B07 
compared with the other two isolates, particularly for the 10% 
application rate. Consistent with the transport studies, sorption 
of SP2B07 to the biochar-free and high-temperature biochar 
treatments was much lower than the sorption of SP1H01 to 
these same soil treatments. Conversely, for the 2% application 
of the low-temperature biochar, transport of all three isolates 
was similar, whereas for the 10% application rate, the transport 
of SP2B07 was noticeably reduced compared with the other 
two isolates. Th is suggests that the attachment of SP2B07 to 
soils mixed with low-temperature biochar may be governed by 
diff erent processes than the other two isolates and indicates that 
cell surface properties likely play a role in the complex interac-
tions between biochar and E. coli retention in soils. Th is vari-
ability in transport and sorption behavior also demonstrates 
that the variability in E. coli transport reported using model 
porous media (Bolster et al., 2010; Bolster et al., 2009; Cook et 
al., 2011; Foppen et al., 2010; Lutterodt et al., 2009; Morrow 
et al., 2005) also appears to be important under more environ-
mentally relevant conditions and highlights the value of using 
multiple isolates when conducting transport experiments with 
this microorganism through biochar-amended soils.

Conclusions
We hypothesized that biochar pyrolyzed at 350°C would aff ect 
the transport behavior of E. coli through soil diff erently than 
biochar pyrolyzed at 700°C because of reported diff erences in 
physical and chemical properties of biochars pyrolyzed at diff er-
ent temperatures. Although the results for the two isolates with 

a low net negative charge are consistent with this hypothesis, 
for the more strongly charged isolate SP2B07, our results did 
not support this hypothesis. Although we were unable to deter-
mine the exact mechanism(s) causing the observed changes in 
E. coli transport due to biochar additions, our results show that 
E. coli transport through biochar-amended soils is governed by 
a combination of factors, including biochar application rate, 
pyrolysis temperature of the biochar, and bacterial cell surface 
properties. Furthermore, our results suggest that biochar may 
be a suitable amendment for use in bioengineered systems spe-
cifi cally designed to reduce pathogen transport through soils, 
provided the proper biochar is selected and is applied at a high 
enough rate. Findings from our study indicate that further 
research is warranted on this important environmental topic. 
Future research should include investigating the role of soil 
texture, soil water content, and biochar feedstock on bacterial 
transport through biochar-amended soils.
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