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Breaking of biochar during compaction of amended soil in roadside biofilters or landfill cover can affect
infiltration and pollutant removal capacity. It is unknown how the initial biochar size affects the biochar
breaking, clogging potential, and contaminant removal capacity of the biochar-amended soil. We com-
pacted a mixture of coarse sand and biochar with sizes smaller than, similar to, or larger than the sand in
columns and applied stormwater contaminated with E. coli. Packing columns with biochar pre-coated
with a dye and analyzing the dye concentration in the broken biochar particles eluted from the col-
umns, we proved that biochar predominantly breaks under compaction by disintegration or splitting, not
by abrasion. Increases in biochar size decrease the likelihood of biochar breaking. We attribute this result
to the effective dissipation of compaction energy through a greater number of contact points between a
large biochar particle and the adjacent particles. Most of the broken biochar particles are deposited in the
pore spaces of the background geomedia, resulting in an exponential decrease in hydraulic conductivity
of amended sand with an increase in suspended sediment loading. The clogging rate was higher in the
columns with small biochar. The columns with small biochar also exhibited high E. coli removal capacity,
partly because of an increase in bacterial straining at reduced pore size after compaction. These results
are useful in selecting appropriate biochar size for its application in soils and roadside biofilters for

stormwater treatment.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Road runoff conveys contaminants accumulated on roadways
during dry weather and pollutes the receiving water bodies
(Williamson and Water Quality Centre, 1993; Wang et al., 2001;
Davis, 2005). In this case, roadside stormwater treatment systems
can treat road runoff, thereby potentially transforming the road
infrastructures from being a source of water pollution into potential
solutions to water and air quality treatment (Shrestha et al., 2018;
Shaneyfelt et al.,, 2017). Road banks are typically required to be
compacted to 85—90% of its capacity to increase slope stability
(California Department of Transportation, 2017); however,
compaction limits infiltration or treatment of stormwater (Gregory
et al., 2006; Batey and McKenzie, 2006). To increase infiltration in
the compacted soils, bulking agents such as sand and gravel can be
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added, but they have limited potential to remove pollutants (Hatt
et al., 2006). In this case, adding biochar can improve the removal
of a wide range of pollutants (Boehm et al., 2020; Mohanty et al.,
2018). Addition of biochar could increase infiltration in clay soil
(Wong et al., 2018) with minimal effect on soil erosion (Kumar et al.,
2019), and improve the removal of organic contaminants (Lu and
Chen, 2018), bacteria and heavy metals (Lau et al, 2017; Sun
et al,, 2020). However, it is unclear how compaction affects bio-
char and its capacity to infiltrate and treat stormwater in biochar-
augmented biofilters.

Under compaction, biochar particles could break by splitting or
disintegration, and surface abrasion (Ghavanloughajar et al., 2020),
partly because biochar has a lower load-bearing capacity than other
soil amendments, including sand (Reza et al., 2012). The splitting of
biochar particles can expose uncontaminated internal surfaces in
the biochar for pollutant adsorption (Ding et al., 2018), whereas the
abrasion of biochar can release biochar surface coating enriched
with pollutants (Hameed et al., 2019). Although no study to date
has examined how biochar properties may affect the breaking
mechanism, it can be inferred from studies that used other porous
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media (Yu, 2019). Particle shape and size under compaction could
constrain particle breaking (Zhang and Baudet, 2013). For instance,
smaller particles may slide into the pores between grains and result
in abrasion of the particle surface, whereas large particles can be
stuck near pores and split into pieces under compaction. On the
other hand, the size of biochar particle may affect the number of
contact points with neighbor particles through which compaction
energy is dissipated, thereby affecting tensile stress at each contact
point (McDowell and Bono, 2013). It is unclear which of the
mechanisms is dominant for biochar, and more importantly, for
biochar-sand mixtures under compaction.

Production and deposition of broken biochar particles can block
flow paths in compacted biofilters (Ghavanloughajar et al., 2020),
which could increase the clogging of pores and change contami-
nant removal. For instance, compaction can enhance the removal of
bacteria in biofilters by increasing the contact time of stormwater
in biofilter (Ghavanloughajar et al., 2020). As bacterial removal is
sensitive to biochar size (Mohanty and Boehm, 2014; Sasidharan
et al., 2016; Reddy et al., 2014), changes in biochar size due to
breaking under compaction could affect bacterial removal.
Compaction typically decreases the hydraulic conductivity of bio-
filters (Pitt et al., 2003). To reduce the negative impact of
compaction, initial biochar size can be controlled as biochar size
has been shown to affect the hydraulic conductivity of uncom-
pacted sand or soil (Liu et al., 2016; Herath et al., 2013). However,
these studies did not examine the clogging potential of biochar-
amended biofilters. Biofilters can be clogged due to the accumu-
lation of suspended sediments with a size predominantly smaller
than 6 pm (Siriwardene et al., 2007) in the top of 20% of the filter
media (Hatt et al., 2008). Although several studies have examined
the design parameters to minimize clogging risk (Kandra et al.,
2014; Le Coustumer et al., 2009), it is unclear how the clogging
rate is related to suspended sediment loading. Developing a model
that predicts the clogging of compacted biofilters could help
develop maintenance guidelines of roadside biofilters (Hatt et al.,
2008; Le Coustumer and Barraud, 2007).

We aim to examine the effect of biochar size on the extent of
biochar breaking under compaction, clogging rate, and E. coli
removal in compacted biochar-sand filters. We hypothesize that the
breaking of biochar particles would be sensitive to their initial size,
which will also determine the clogging rate and E. coli removal in
the compacted biofilters. To test the hypothesis, we packed mix-
tures of sand and biochar with different sizes under compaction in
columns, applied contaminated stormwater, and compared the
amount of broken biochar particle released, the clogging rate after
compaction, and E. coli removal. The results are helpful in devel-
oping design guidelines for biochar application in roadside
biofilters.

2. Materials and methods
2.1. Stormwater preparation

Natural stormwater was collected from the Ballona Creek in Los
Angeles, CA (34° 00'32” N, 118° 23/3” W), which receives dry-
weather irrigation runoff from 318 km? urban area with 82%
developed and 61% impervious surface. The detailed characteristics
of stormwater was reported in a previous study (Brown et al., 2013).
Immediately after the collection, the stormwater was characterized
for pH (lon-Selective Electrode, model #9107BN, Fisher Scientific),
conductivity (Two-Cell Accumet Probe, Fisher Scientific), and par-
ticle concentration, and stored at 4 °C until further use. To quantify
initial particle release from biofilters after compaction, synthetic
stormwater was used so that there were no particles in the influent.

Synthetic stormwater was prepared by adding 10 mM NaCl to
deionized (DI) water and adjusting the pH to 7.8 + 0.2 using a small
volume of concentrated HCl or NaOH. This step ensured that the
ionic strength and pH, which typically affect particle release or
deposition, were consistent during the experiments.

Our preliminary study revealed that it would take years to clog
the columns due to low concentration (<30 mg L™!) of suspended
sediments in the natural stormwater. To accelerate the clogging
during this study, stormwater with a suspended solid concentra-
tion of 3 g L~! was prepared by spiking fine (<75 pm) sediments
collected from a wetland that receives Ballona Creek stormwater
(Valenca et al., 2020).

To examine removal of E. coli, the stormwater was spiked with
kanamycin-resistant E. coli suspension following the method
described elsewhere (Mohanty et al., 2014). Briefly, E. coli were
cultured to a stationary phase, centrifuged and washed with
phosphate buffer solution to remove the growth medium, and
suspended in the collected stormwater to achieve an initial con-
centration of nearly 10° colony forming units (CFU) mL™".

2.2. Preparation of biofilter media

Commercially available biochar (Black Owl Biochar ™, Biochar
Supreme, WA) and sand (20—30 Standard sand, Certified Material
Testing Products, FL) were used. The coarse sand (600—850 pm)
was washed in DI water to remove silica colloids and dried at 100 °C
overnight. The biochar, produced by gasification of softwood at
high temperature (900—1000 °C), was characterized for surface
area, particle size distribution, elemental analysis, and ultimate and
proximate analysis (Table S1). Biochar was sieved to remove par-
ticles smaller than 150 um (mesh #100), to ensure fine particles
released from biofilters were originated from the broken biochar
produced during compaction. Biochar with a size greater than
2000 pm (mesh #10) was also removed to minimize preferential
flow. The sieved biochar was further separated into three size
fractions relative to the sand size: small (150 pm < d < 833 pm),
medium (833 um < d < 1180 um), and large
(1180 pm < d < 2000 pm). The sand was mixed with each biochar
size fraction (5% biochar by weight) to prepare a homogeneous
geomedia mixtures.

To examine the biochar breaking mechanisms under compac-
tion, a portion of small and large biochar size fractions was coated
with acridine orange dye (Fisher Scientificc MA) following the
method described in the Supplementary Materials. The biochar-
sand mixture was packed up to a 11.4-cm height (3 compacted
layers) and subjected to stormwater infiltration to monitor the
release of broken biochar particles with different amounts of dye
based on breaking mechanism.

2.3. Packing of filter media in model biofilter columns

Our previous study examined the effect of compaction condi-
tions on biochar release by comparing the number of particles
released from uncompacted and compacted columns
(Ghavanloughajar et al.,, 2020). The current study examines the
effect of biochar size on breaking mechanisms of biochar under
compaction by comparing particle release in compacted columns
with different biochar size fractions. A total of nine columns was
packed in PVC columns (5.1 cm L.D. and 61.0 cm height), and trip-
licate columns were used for each of the media mixtures (Fig. S1).
Before packing, a 9-cm drainage layer with pea gravels was created
at the bottom of the column, and a nylon screen (100 pm pores) was
placed on top of the gravel layer to prevent the biochar-sand
mixture from falling into gravel layer. About 94—99 g of sand-
biochar mixture was poured into the column and compacted to a
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height of a 3.8-cm using a Proctor hammer (2.5 kg). To ensure that
comparable energy of a standard Proctor test was applied on the
filter media, the Proctor hammer was dropped 7 times from 30.5-
cm height per layer (more details in the Supporting materials).
The procedure was repeated for 8 layers until the total filter media
height reached 30.5 cm. An additional 2.5-cm layer of gravel was
created on the top of the filter media to prevent the disturbance of
biochar during stormwater application at the top of the filter media.
The uniform packing of filter media was verified by measuring the
bulk density for each layer (Fig. S2).

After packing, the columns were subjected to different test in
the following order: (1) quantification of initial biochar particle
release from compacted columns, (2) measurement of effective
pore volume (PV) and flow-path heterogeneity by bromide tracer
study, (3) estimation of E. coli removal capacity, and (4) quantifi-
cation of clogging potential by measuring changes in hydraulic
conductivity of the compacted biofilters with increases in sus-
pended sediment loading. Separate columns were used to examine
the breaking mechanism.

2.4. Release of biochar particles from compacted biofilters

To examine the initial release of biochar particles from the
biofilters following compaction, 2 PV of synthetic stormwater
(10 mM NacCl) was intermittently applied on the top of filter media
at a flow rate of 8.5 mL min~! using a peristaltic pump (Masterflex
L/S Digital Drive, Cole Parmer). The flow rate was kept consistent to
rule out the effect of flow fluctuation on particle release, as the
increase in the flow is expected to increase particle mobilization
(Shang et al., 2008). Effluents from the bottom of columns were
collected at 0.5 PV fraction and analyzed for particle concentration
and volume. The experiment was repeated every day for 5
consecutive days to examine if the quantity of particle released
varied with successive rainfall events. Particle concentration was
estimated based on the light (890 nm) absorbance of water samples
(Ghavanloughajar et al., 2020).

2.5. Characterization of flow path heterogeneity in compacted
biofilters

We conducted a bromide tracer study to estimate the effective
pore volume of biofilters, which is corresponding to the volume of
stormwater injected to achieve half of the highest bromide con-
centration in the inflow. Synthetic stormwater containing bromide
(1 mM KBr) and 9 mM NaCl was applied at 8.5 mL min~! on the top
of each column for 1.2 h followed by application of bromide-free
synthetic stormwater (10 mM NaCl) for 0.8 h to flush bromide so-
lution from the pore water. The flow was interrupted, during which
the bottom valve was closed, and the top of the column was sealed
to prevent evaporation of stormwater. After 12 h of flow interrup-
tion, the flow was resumed for 0.5 h. The effluents were collected at
5—10 min intervals and analyzed for bromide using ion chroma-
tography (Dionex™Integrion™ HPIC™ System, ThermoFisher). A
change in bromide concentration during flow interruption was
used as an indicator to qualitatively compare the extent of back-
diffusion of solutes from immobile water trapped in compacted
regions to bulk pore water in the flow paths (Brusseau et al., 1997).

2.6. E. coli removal in compacted biofilters

We chose E. coli to test the removal of particulate pollutants as
their removal is more sensitive to change in pore size distribution
under compaction than other dissolved pollutants. The E. coli
removal capacity of compacted columns was tested following the
method described in our previous study (Ghavanloughajar et al.,

2020). Stormwater contaminated with E. coli at 108 CFU mL~! was
applied (8.5 mL m~!) on the top of each column, and samples were
collected at the bottom. The concentration of E. coli in the final
0.5 PV fraction, measured using an agar-plate technique, provides
the steady-state removal capacity of the biofilter. It is expected that
the E. coli concentration in the first flush would be lower due to
adsorption or die-off of E. coli in the trapped pore water that con-
tributes to first flush (Mohanty et al., 2014). The experiment was
repeated for 5 consecutive days to determine if the bacterial
removal capacity of compacted biofilters changes with an increase
in exposure to contaminated stormwater.

2.7. Quantification of clogging potential of compacted biofilters

The hydraulic conductivity of each column was measured using
a falling-head method (Supplementary materials). The clogging
potential of each column was estimated by tracking the changes in
hydraulic conductivity with increases in the loading of suspended
sediments. The experiment was repeated until the hydraulic con-
ductivity decreased to less than 10% of its initial value. The sus-
pended sediment loading was estimated by multiplying the
concentration of suspended sediments in the stormwater suspen-
sion with the cumulative volume of stormwater applied.

The deposition of suspended sediment is expected to decrease
the effective porosity of filter media, which consequently affects
their hydraulic conductivity. We used several models that link
changes in the filter media porosity with hydraulic conductivity
(Table S2). These models assume that the deposition of particles
decreases the porosity of the column uniformly throughout the
depths. However, clogging may occur by the formation of the cake
layer without complete penetration of suspended sediments into
the columns. Thus, we used an exponential empirical model
(Phipps et al., 2007) that correlates hydraulic conductivity with
sediment loading: In(K /Kg) = — rL, where r is the sediment
interaction coefficient related to properties of the filter media and
sediments; L (kg/m?) is the total sediment loading per unit
coverage area of biofilter; Ky is the initial hydraulic conductivity
before sediment loading; K is the final hydraulic conductivity of
biofilter after sediment loading L.

2.8. Biochar breakage mechanism in biofilters during compaction

The small and large biochar size fractions were used to examine
if the biochar breakage mechanism is sensitive to the initial biochar
size. In the preliminary study and our previous study
(Ghavanloughajar et al., 2020), we found that biochar with similar
size to sand exhibited no specific trend in breaking mechanism and
release compared with larger or smaller biochar, potentially due to
limited contrast in number of contact points or changes in pore size
distribution after packing. Thus, by analyzing only biochar smaller
and larger than sand, we identify the breakage due to contrasting
mechanisms. Separate columns were packed under compaction
with previously dyed biochar (Supplementary Materials) and sand
mixture following the same method outlined in Section 2.3. To
examine the release of the broken biochar particles created during
compaction, synthetic stormwater was slowly injected on the top of
the packed columns, and effluent was collected to analyze the dye
concentration in mobilized biochar particles. A small fraction of
dyed biochar was analyzed to estimate the dye concentration of
packed biochar before the mobilization experiment. The injection
was repeated for 6 consecutive times. Particle concentration in the
effluent was quantified following the method described elsewhere
(Ghavanloughajar et al., 2020). Fluorescent intensity of mobilized
biochar particles was measured after separating them from the
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stormwater to account for dissolved dye’s fluorescence. 10 mL
effluent was centrifuged at 4000 rpm for 15 min at room temper-
ature, and the settled biochar particles were resuspended in 2 mL of
DI water. Triplicated 100 pL sample from the processed suspension
was added in 96-well plate, and dye intensity was measured within
30 min of sample collection to minimize dye decay during storage.
The dye intensity was analyzed at excitation (460 nm) and emission
(650 nm) of the dye using high-performance fluorescence equip-
ment (GloMax Discover, Promega). Specific fluorescent intensity or
normalized fluorescent intensity (FI) of mobilized biochar particles
and packed biochar (similar to calibration standard) were
compared to determine the biochar breaking mechanism.

To estimate the dye concentration on biochar in the packed
biochar, 2.0 g of dyed biochar from the biochar pool used in the
columns was manually ground for 10 min and suspended in 500 mL
of DI water (more information under Supplementary Materials).
The sample was diluted serially to measure an increase in dye
concentration with an increase in biochar concentration (based on
turbidity). The measured concentration provides a baseline dye
concentration in the packed biochar. An increase or a decrease in
the concentration of dye in mobilized biochar at the corresponding
concentration of biochar in the suspension was assumed to be the
result of biochar particle released from the surface or interior sec-
tion of biochar, respectively. Such comparison permits the identi-
fication of biochar breaking mechanism: abrasion or fragmentation.
Increase in dye concentration in the mobilized biochar relative to
the bulk biochar is assumed to be because of abrasion, which re-
leases biochar surface coating with a high concentration of dye,
whereas a decrease in dye concentration in the mobilized biochar is
assumed to be because of the splitting of biochar, which releases
biochar particles from internal pores with low dye concentration.

2.9. Statistical analysis

One-way analysis of variance (ANOVA) was performed using R
(version 3.6.1) between data sets to compare the parameters
measured or estimated as a function of biochar particle size. The
significance of differences (at o = 0.05) between two specific means
was assessed with the Tukey HSD post-hoc comparison test. Dif-
ferences were considered significant at a p-value of less than 0.05.

3. Results

3.1. Quantity of particle released by the biofilter did not depend on
biochar size

Infiltration of stormwater released fine biochar particles from
biofilters, but the total quantity of particle released was indepen-
dent of biochar size packed in the biofilters (Fig. 1). Although the
concentration of particles released by medium and large biochar
columns was initially high (>10 mg L~1) due to the first-flush effect,
the volume of the first sample was low compared to the total vol-
ume injected. Consequently, the total mass of biochar released
initially has significant effect on the total cumulative mass of bio-
char released. Thus, the cumulative mass released by the columns
was similar (p > 0.05). The columns with large, medium and small
biochar respectively released nearly 5.4 + 2.3, 46 + 0.3, and
4.4 + 0.6 mg of fine biochar particles after 5 consecutive rainfall
events. The amount released was negligible compared to the
amount of biochar remained in the biofilters.

3.2. Stormwater interaction with compacted biochar was affected
by biochar size

Biochar size in compacted biofilters affected the biofilter’s pore
volume, but this effect was more apparent in columns with small
biochar particles (Fig. 2). The effective pore volume of the com-
pacted biochar biofilters decreased with increases in biochar sizes
(Fig. 2-B). Compaction is expected to create a low permeable zone,
where diffusion of solute can become the dominant transport
process. Flow interruption resulted in highest relative bromide
concentration in the effluent of large biochar column, which con-
firms the presence of back diffusion of bromide from micropores in
the low-permeable compacted zone to macropores. However,
biochar size has no significant effect (p > 0.05) on the extent to
which back diffusion of bromide occurred during flow interruption,
indicating the amount of capillary pore space in internal pores of
biochar particles or between particles did not change as a result of
compaction. While compaction breaks particles and decreases
capillary pore space in internal pores, it also creates smaller par-
ticles and provides additional capillary space between adjacent
broken particles. Thus, the net effect has no significant change in
the diffused region.

3.3. Removal of E. coli in compacted biofilters depended on initial
biochar size

E. coli removal capacity of compacted biofilters with different
biochar sizes was similar initially, but the removal capacity of
biofilters with medium and large biochar decreased with increases
in exposure to contaminated stormwater (Fig. 3). The removal in
biofilters with small biochar particles mostly remained high: the
effluent concentration was near detection limit.

3.4. Biochar size affected clogging potential of compacted biofilters

Initial hydraulic conductivity of compacted biofilters was the
lowest for columns with small biochar, although the hydraulic
conductivities of columns with medium and large biochar were not
significantly different (Fig. S3). The hydraulic conductivity of all
biofilters decreased with increases in suspended sediment loading,
indicating clogging of pores (Fig. 4-A), but the clogging rate was the
highest for biofilters with small biochar particles. Fitting the hy-
draulic conductivity with changes in porosity of biofilters using
previous models listed in Table S2, we showed that porosity change
because of the deposition of suspended sediments could not pre-
dict the clogging of biofilters (Fig. S4). The sediment interaction
coefficient (r) increased with decreases in biochar size, particularly
Dio—the diameter where 10% of the distribution has a smaller
particle size (Fig. 4-B (insert)).

3.5. Mechanism of biochar breaking during compaction depended
on biochar size

We compared the specific fluorescent intensity of the mobilized
biochar particles with that of the packed biochar as a function of the
relative size of biochar to examine the relative importance of bio-
char breaking mechanisms—fragmentation vs. abrasion (Fig. 5). In
both columns, the specific fluorescent intensity of mobilized bio-
char was never more than that of packed biochar. A low dye con-
centration in mobilized biochar compared with packed column
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Fig. 2. (A) Breakthrough curves of bromide (a conservative tracer) in columns packed
with compacted sand and biochar of three size ranges: small, medium and large
biochar. The dashed line indicates the bromide concentration in the influent. Shaded
vertical area indicates a flow interruption event. (B) White bar (left y-axis) indicates
the effective pore volume of compacted columns, and grey filled bars (right y-axis)
indicate the extent of bromide diffusion during flow interruption.

indicates abrasion is not the dominant biochar mechanism, and
biochar predominantly breaks by fragmentation or splitting during
compaction. In small biochar columns, the specific fluorescent in-
tensity of mobilized biochar was significantly lower (p < 0.05) than
that of packed biochar. In large biochar columns, the specific fluo-
rescent intensity for both packed and mobilized biochar was similar

Detection limit

log E. coliremoval

0 1 2 3 4
Cumulative volume injected (L)

Fig. 3. Removal of E. coli during rainfall events. The error bars indicate one standard
deviation over mean from triplicate columns with duplicate measurements per col-
umn (n = 6). The vertical dashed lines indicate the start of a rainfall event.

(p > 0.05). The result indicates that the extent of fragmentation
depended on the relative size of biochar with sand.

4. Discussion

4.1. Biochar size effect on initial hydraulic conductivity and clogging
potential

Columns with small biochar had the lowest initial hydraulic
conductivity, although an increase in biochar size from medium to
large did not significantly increase the hydraulic conductivity. In
columns with medium and large biochar particles, sand is the
dominant fraction and smaller than biochar. Thus, their hydraulic
conductivity is dominated by sand size, which does not change as a
result of compaction. In contrast, the columns with biochar smaller
than the size of sand were significantly affected by compaction
because compaction lowered the biochar particle size and
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potentially displaced them into the pores between sand particles. A
decrease in pore space and blockage of flow paths can effectively
decrease the hydraulic conductivity of the columns. The result
supports the finding of previous studies (Liu et al., 2016; Trifunovic
et al., 2018), where a decrease in the hydraulic conductivity
following an addition of fine biochar particles was attributed to
increased tortuosity and reduced porosity. A reduction in particle
size of filter media is expected to decrease hydraulic conductivity
(Liu et al., 2017) of filter media because of a reduction in pore size
(Gtab et al., 2016). Nevertheless, these studies did not compact the
filter media before examining their hydraulic conductivity. In our
study, compaction coupled with pore blockage by broken biochar
particles produced during compaction synergistically lowered the
hydraulic conductivity. The extent to which inter-particle pores can
be filled with broken particles depended on the relative size of
broken biochar particles with respect to pore size. As small biochar
has small gap between particles, they are more susceptible to
clogging. Our result confirmed this hypothesis.

The exponential empirical model predicted how fast a com-
pacted column would clog based on the suspended sediment
loading at the site. The result is similar to that observed by Wang
et al. (2020), but their study did not account for the effect of
compaction condition and filter media particle size. We showed
that sediment interaction coefficient (r) increased with decreases in
biochar size in the compacted biofilters. We also demonstrated that
other traditional models (Table S2) that link saturated hydraulic
conductivity with the porosity of filter media did not predict the

changes in hydraulic conductivity with suspended sediment
loading (Figs. S4 and S5). These models assume that the changes in
porosity of biofilter should be uniform across the layers, which is
unlikely in the stormwater biofilters. Compaction could particularly
prevent penetration of suspended sediment beyond the top layer.
The porosity of the top layer is expected to decrease rapidly
compared to the rest of the filter media layers (Siriwardene et al.,
2007; Hatt et al., 2008), and the change in the porosity in the top
layer could dictate the overall hydraulic conductivity of the bio-
filters. Therefore, a minor alteration in the column’s overall porosity
due to the deposition of suspended sediment resulted in a severe
change in hydraulic conductivity. We provided empirical parame-
ters linking particle size (D1g) with the clogging rate. The model
enabled the use of the filter media size to predict the hydraulic
conductivity of biofilters receiving runoff containing suspended
sediments. The suspended sediment loading on a biofilter is a
function of annual rainfall and characteristic of the catchment.
Thus, the clogging rate in a biofilter can be estimated using the
mean concentration of suspended sediments in stormwater, annual
runoff volume passing through the biofilters, and particle size (D1g)
of the biofilter media.

Hydraulic conductivity of biochar and sand mixture depends on
the relative size of biochar compared with sand (Trifunovic et al.,
2018); thus, the effect of compaction would depend on the
changes in particle size of biochar. Our previous study
(Ghavanloughajar et al., 2020) shows that the mean particle size of
biochar-sand mixture decreases due to the breaking of biochar after
compaction. We expect that the biochar would break in this study,
but the changes in hydraulic conductivity would depend on the
quantity of small biochar particles that can slide into the pores.
Thus, biochar fragments larger than pore size would not affect
hydraulic conductivity.

4.2. Mechanism of biochar breakage during compaction

The relative concentration of dye in mobilized biochar was
significantly less than dye concentration on packed biochar. The
result indicates that fragmentation by splitting, not abrasion, was
the dominant mechanism of the breaking of small biochar particles
under compaction. The fragmentation by splitting was less prom-
inent for large biochar. Typically, abrasion occurs when particles
slide against each other under compressive force. Biochar could
slide into empty pores if the size of pores between sand or biochar
particles was bigger than the sliding biochar. As a significant frac-
tion of small biochar particles (150—833 um) was still larger than
the mean inter-particle pore size (373 um) of sand (Trifunovic et al.,
2018), abrasion was not found to be the dominant mechanism in
our study. The lesser likelihood of “peeling” compared with “frac-
turing” during compaction suggests that compaction would expose
new internal surface sites for contaminant adsorption, and the
release of surface coating and any associate contaminants is less of
a concern after compaction.

The fragmentation by splitting was less prominent for large
biochar. We attributed the increased likelihood of biochar breaking
by fragmentation in small biochar to a lower number of contact
points between the biochar particle of interest and the adjacent
particles that exert pressure on the biochar particle during
compaction (Fig. 5-C). The contact points transmit compaction
energy into the biochar particles; thus, lower number of contact
points would result in higher tensile stress at each contact point
(McDowell and Bono, 2013). As large biochar particles have a larger
surface area than the small biochar particles, the numbers of con-
tact points on large biochar particles would be greater than that of
small biochar particles. Consequently, large biochar particles would
experience less tensile stress at the points and be highly protected
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Fig. 5. Specific fluorescent intensity of packed biochar and mobilized biochar for (A) small biochar column and (B) large biochar column. *** indicates a p-value < 0.001. (C) The
illustration shows the difference in breakage mechanisms (abrasion vs. fragmentation or splitting) and dissipation of compaction energy based on biochar size.

by numerous neighbors. In contrast, small particles could carry
higher tensile stress at each contact point, leading to the formation
of fractures through the biochar. This result is in agreement with
the outcome of a previous study (Suescun-Florez et al., 2020) that
showed that smaller sand particles break more than large sand
particles. In summary, our result proved that the small particles are
more likely to experience large tensile stress leading to their
breaking under compaction primarily by fragmentation.

The mechanical properties of a biochar particle are dependent
on temperature and residence time during pyrolysis, not particle
size (Das et al,, 2015). However, mechanical properties of bulk
biochar and sand mixture may vary with particle size based on
dissipation of compaction force due to either displacement of bio-
char particles into the pore space or breaking of biochar particles.
Direct evidence using an optical microscope was not feasible in this
study because biochar and sand are opaque and the exact location
of biochar grain is hard to track because of the disturbance of
biochar and sand grains during compaction and during sample
preparation for optical imaging (See Supporting material, Fig. S6).
Future studies should use a transparent column packed with
transparent glass beads and biochar to observe the breaking
mechanism under compaction.

4.3. Release of fine particles after compaction was independent of
biochar size

We found that the particle size of biochar in the compacted
biofilter did not affect the net particle released from the filter
media. About 5 mg of fine biochar particles were released, which is

less than 0.1% of biochar remained in the column, indicating the
majority of biochar particles created during compaction are
retained in the column irrespective of the size of biochar particles
before compaction. The particle released from compacted biofilters
is a function of the total particle pool created during compaction
due to the breaking of biochar, and the fraction of the generated
particle pool available for transport based on the width of the pore
path or hydraulic conductivity (Ghavanloughajar et al., 2020).
Although the columns with large biochar had higher initial hy-
draulic conductivity (or high transport potential of broken parti-
cles), the pool of broken particles created during compaction could
be low because of their limited fragmentation, as explained earlier.
Similarly, the columns with small biochar would have a larger pool
of broken particles created by fragmentation during compaction,
but most of them could be trapped in the columns due to low hy-
draulic conductivity (or low transport potential). As the biochar size
in the filter media had the opposite effect on the generation of
biochar particles during compaction, and their transportation after
compaction and the net amount of biochar particles mobilized
became independent of biochar size in the filter media.

4.4. E. coli removal capacity of compacted biofilters was sensitive to
biochar size

E. coli removal capacity of compacted biofilters decreased with
increases in exposure to contaminated stormwater only if the
biochar size was similar or greater than the size of sand. The
removal remained consistently high in biofilters packed with bio-
char smaller than the size of sand, indicating an increase in overall
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surface sites by breaking of biochar particles lowered the exhaus-
tion rate of biochar adsorption capacity. Previous studies showed
that eliminating fine particles decreased the removal capacity of
biochar-augmented biofilters (Mohanty and Boehm, 2014;
Sasidharan et al., 2016; Reddy et al., 2014). Hence, creation of fine
particles by compaction is expected to increase bacteria removal.
Our results show that smaller biochar is more likely to break under
compaction, thereby exposing more surfaces for adsorption. The
biochar fragments can clog the pore paths and increase the removal
of bacteria by straining (Sasidharan et al., 2016). On the other hand,
mobilization of fine biochar carrying E. coli from biofilters due to
disturbance during compaction could increase the E. coli concen-
tration in the effluent (Mohanty and Boehm, 2015). However, our
study shows that the initial release of biochar particles is insignif-
icant, and they are irrelevant after the initial first flush. Thus, initial
biochar particle size should be selected to optimize the effect of
compaction on both infiltration and E. coli removal in biofilters.

5. Conclusions

The results revealed the importance of biochar size on its
breaking by compaction, clogging rate, and bacterial removal in
compacted biofilters. The main conclusions are:

e Under compaction, biochar predominantly broke by fragmen-
tation, not abrasion. The initial loss of biochar particles with
infiltrating water was negligible, indicating the broken biochar
particles were trapped in the packed columns.

The hydraulic conductivity of compacted biochar columns
exponentially decreased with increases in suspended sediment
loading. The clogging rate was higher in the columns with small
biochar. The empirical model based on suspended sediment
loading and particle size (D1g) of packed media could predict the
clogging rate of compacted biochar-amended sand.

The change in E. coli removal with an increase in stormwater
loading was sensitive to biochar size in the compacted columns.
The removal capacity of columns packed with biochar smaller
than sand was consistently high, whereas the removal capacity
of columns packed with biochar with the size same or larger
than sand decreased with an increase in stormwater loading.
The results showed that the use of large-size biochar can
minimize the negative impact of compaction on infiltration
capacity or clogging of biofilters, but their capacity to remove
E. coli may decrease with time. Thus, the size of biochar should
be optimized to limit clogging and increase pathogen removal.
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