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a b s t r a c t

Biochar has several benefits for soil, including improved flow and retention properties
that decrease bacterial transport. To improve understanding of the underlying mech-
anisms and optimal irrigation strategies for contaminated gray water, we conducted
a lysimeter study exploring impacts of biochar level (0, 0.5, and 1% w/w) and 30-days
irrigation regime (0.003 and 0.0064 cm h−1). Biochar did not change hydraulic properties
but at maximum allowable depletion (MAD) of 30, 50, and 70% biochar had a large
impact on fecal coliform retention. At 15–25 cm depth where the subsurface dripper
was located, 1% biochar-treated soil had 1.5 times greater retention than the controls.
A combination of the lower irrigation rate (0.003 vs. 0.0064 cm h−1) and the greater
biochar (1% vs. 0.5%) had greater impacts on bacteria inactivation and retention than
the MAD levels. Nevertheless, adding 1% biochar resulted in a 2-fold increase of bacteria
retention for 30% MAD and low flow rate than greater flow rates and MAD levels (50
and 70%). Our results provided novel data for inverse optimization to explore bacteria
retention by differences in bacteria attachment, straining, survival or growth. Close to the
irrigation dripper, straining was the pronounced mechanism under the best performing
treatment of 1% biochar and 30% MAD. Therefore, we recommend application of biochar
at the rate of 1% where wastewater is used for subsurface drip irrigation.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Biochar is widely applied in soil and studies show that its characteristics not only affect soil physicochemical properties
nd biological activities, but also control microbial contamination (Mohanty et al., 2014). This occurs because the chemical
roperties of biochar, such as volatile organic matter (OM) content, polarity (Valenca et al., 2021), cations (Rivera-Utrilla
t al., 2001; Suliman et al., 2017), ash content, carbon content (Valenca et al., 2021), pH (Bolster and Abit, 2012; Thies and
illig, 2012), solution ionic strength, and cation exchange capacity (CEC) (Zhu et al., 2017) can impact bacteria transport
nd retention. Bolster and Abit (2012) reported that the increase of bacterial deposition after adding biochar to soil was
ue to an increase in ionic strength, which decreases the thickness of the electrical double layer around the bacteria
nd soil particles. An increase of cations (e.g., Ca2+, Mg2+, Na+ and K+) in soil from biochar amendment can also result
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List of symbols, acronyms and units

Parameter Definition (Unit)
q Discharge rate equal to 0.003 (cm h−1)
Q Discharge rate equal to 0.0064 (cm h−1)
MAD Maximum Allowable Depletion/ Management Allowed Depletion (%)
katt Attachment coefficient (h−1)
kdet Physical detachment coefficient (h−1)
kstr Straining coefficient (h−1)
µl Inactivation coefficient in liquid phase (h−1)
µs Inactivation coefficient in solid phase (h−1)
θv Volumetric soil moisture content (cm3 cm−3)
θfc Soil water content at field capacity (cm3 cm−3)
θpwp Soil water content at permanent wilting point (cm3 cm−3)

in linking metal cations to the outer membrane of bacteria, further enhancing bacteria retention (Suliman et al., 2017;
Rivera-Utrilla et al., 2001). Valenca et al. (2021) found that bacteria removal was negatively correlated with ash content,
and polar and volatile OM content. Further, physical properties of biochar impact bacteria transport and retention, such
as surface area, hydrophobicity, particle size and pore size (Lehmann et al., 2011; Mohanty and Boehm, 2014).

Of these physical properties, the high surface area of biochar (1 to 100 m2 g−1) likely has the most marked impact
on bacteria retention (Thies and Rillig, 2012). Since surface area is related to biochar size, Mohanty and Boehm (2014)
found that E. coli retention in sand columns was more effective for small (<125 µm) rather than large particles of biochar.
Moreover, changes in water content of porous media can alter biochar hydrophobicity and this may be responsible for
changes in bacteria retention (Abit et al., 2014). Biochar with its small bulk density (0.08 to 0.7 g cm−3) compared to soil
(Abel et al., 2013) can also affect porosity (Das and Ghosh, 2022; He et al., 2021; Toková et al., 2020), leading to greater
retention of bacteria (Yin et al., 2021).

The pores of biochar have a size distribution affected by the feedstock and pyrolysis, so scope exists to produce
biochar with greater potential for bacteria retention (Perez-Mercadoa et al., 2019; Vieira et al., 2021). Biochar pores can
be classified into three size categories based on diameter: micropores (<2 nm), mesopores (2–50 nm), and macropores
(>50 nm) (Guo et al., 2021; Ponnusamy et al., 2020). If bacteria are larger than the pore size, then straining will be the
physical mechanism, whereas if the bacteria are smaller than the pore size, then attachment is the physcio-chemical
mechanism of bacteria retention. Attachment of bacteria occurs more commonly and is usually effective when biochar
pore sizes are 2 to 5 times larger than the bacteria cell size (Lehmann et al., 2011), so dominated by macropores (Aller,
2016).

Although biochar effects on bacteria transport and retention through porous media have been studied extensively
(Gurtler et al., 2014; Kaetzl et al., 2019; Sasidharan et al., 2016), the research has been limited to column studies or
biofilters. Under more realistic conditions of subsurface drip irrigation systems at field or lysimeter scale, little information
is available. Cui et al. (2019) reported that soil mixed with biochar (1% w/w) compared to an unamended control had a
significant increase in the abundance of pathogenic bacteria in soil after a 60-day cultivation of maize in a rhizobox that
was irrigated with reclaimed water and pig wastewater. Arief Ismail et al. (2016) demonstrated that mixing 1% biochar
in the top 10 cm of soil combined with poultry manure increased pathogenic bacteria retention and limited bacteria
transport through depth soil over a 60 days rainfall experiment.

Clearly the fate and wider environmental transport of bacteria in soil is affected by biochar amendment, but the small
amount of available data limits the capacity to make predictions. Much more could be understood about retention and
transport mechanisms using modeling, such as HYDRUS–2D/3D. Various lysimeter and field-based studies have applied
HYDRUS–2D/3D to explore these processes, but not yet on biochar amended soils. An example is Amin et al. (2014) who
applied HYDRUS–2D to simulate the redistribution and persistence of slurry-borne contaminants through soil following
a direct injection of slurry over a 50-day period. They found that HYDRUS predicted accurately E. coli concentrations
spatially and temporally using a two-site attachment–detachment model, but at high retention the predictions could be
either overestimated or underestimated. Another HYDRUS study Morales et al. (2015), exploring a conventional soil-
based wastewater treatment system, found bacteria die-off rates and the attachment/detachment variables were the
main mechanisms. By modeling they were able to simulate the effects of hydraulic load rates, bacteria concentration,
and precipitation pattern changes on bacteria transport.

The fate and retention of bacteria emitted from irrigation drippers during wastewater irrigation have also been modeled
with HYDRUS–2D/3D. Akhavan et al. (2018) used HYDRUS–2D to evaluate the transport of E. coli through preferential flow
in artificial macropores in saturated soil columns. They found that the model accurately predicted bacteria concentration in
the soil matrix and macropores using the two kinetic attachment–detachment model. However, another study simulating
2
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Fig. 1. A schematic view of the finite element mesh with boundary conditions based on the experimental layout, dripper and drain locations.

E. coli distribution from drip irrigation with sewage effluents using filtration theory and a two kinetic sites model by
HYDRUS–2D/3D showed filtration theory was not useful for real bacteria transport (Wen et al., 2017).

Scope therefore exists to extend HYDRUS–2D/3D to predict transport and retention mechanisms of bacteria in biochar-
amended soils irrigated with contaminated wastewater. Such understanding would give confidence to the use of biochar
as a soil amendment in such systems. From recent data, maximum bacteria retention occurred at depths close to dripper,
particularly at rate of 1% biochar (Teshnizi et al., 2023). In this study we explore these processes further in a lysimeter
study, providing novel data to assess retention mechanisms and test HYDRUS–2D more thoroughly. Our main objective
was to determine how biochar application rate and irrigation strategies affected the dominant retention mechanisms of
bacteria. This has practical applications to illustrate the impacts of biochar in controlling bacterial pollution in agricultural
soils in subsurface drip irrigation. We thus tested the following hypotheses; (i) the retention mechanism varies for the
applied biochar rates, (ii) biochar retention efficiency depends on soil depth rather than the biochar application rate, and
(iii) HYDRUS–2D can robustly determine bacteria retention mechanisms (Sepehrnia et al., 2019, 2018). The research used
a well-controlled set of lysimeter experiments with agricultural soil to determine how biochar, irrigation discharge rates
as well as irrigation management could affect soil hydraulic properties and bacteria transport and fate. Finally, water flow
and bacteria transport were optimized for various soil depths using HYDRUS–2D.

2. Materials and methods

2.1. Lysimeter preparation and subsurface drip irrigation

Soil samples were taken from the research farm of the Shahrekord University, Agricultural College, Iran. The soil is
classified as an Inceptisol (Soil Survey Staff, 2014) and was planted with Corn (Zee mays). It was sampled from the plough
ayer at 0 to 30 cm depth. The soil was air-dried and passed through a 2 mm sieve to remove large plant roots and stones.
t was then mixed with a biochar at rates of 0, 0.5, and 1% w/w (Wang et al., 2019), roughly equivalent to concentrations
hat would occur at field application rates of 3 to 6.5 t ha−1. The biochar had a particle diameter smaller than 2 mm and
was produced commercially from soft wood materials of pomegranate (Punica granatum) and plum (Prunus domestica)
hat were pyrolyzed at 450–500 ◦C (Sun Company, Iran).

The sieved soils (with the initial water content equals to 0.09 (±0.01) cm3 cm−3) were packed into lysimeters (70 × 17
× 60 cm, L×W×D) made from glass. The walls of the lysimeters were treated with a very thin layer of grease prior filling
in order to prevent preferential flow along the walls (Kandelous and Šimůnek, 2010a). The lysimeters were filled with the
biochar-treated soil and without biochar as the controls. Bulk density of the lysimeters was equal to field density (1.3 g
cm−3).

For irrigation, a dripper was installed at a depth of 20 cm at the center of each lysimeter (Fig. 1) and connected to a
reservoir filled with wastewater containing bacteria (3.99 ± 1.4 × 105 CFU ml−1). Drainage was directed through two
3



F.A. Teshnizi, M. Ghobadinia, F. Abbasi et al. Environmental Technology & Innovation 31 (2023) 103229

a

Table 1
Soil hydraulic parameters used for the simulations.
Treatments θr (cm3 cm−3) θs (cm3 cm−3) α (cm−1) n (−) Ks (cm h−1) l (−)

Soil + 0% biochar 0.08 0.395 0.062 1.57 0.85 0.5
Soil + 0.5% biochar 0.08 0.399 0.064 1.53 0.86 0.5
Soil + 1% biochar 0.081 0.415 0.067 1.47 0.87 0.5

drains about 2 cm diameter at the bottom of the lysimeters to collect effluents. Irrigation was performed when the soil
water content reached maximum allowable depletion (θMAD). The depth of irrigation water and the values of θMAD were
calculated using Eqs. (1) and (2), respectively (Martin et al., 1990):

θMAD = θFC − (θFC − θPWP) × MAD (1)

d = (θFC − θMAD) × D (2)

where θFc and θPWP are the volumetric water contents at field capacity (cm3 cm−3) and permanent wilting points (cm3

cm−3), respectively (see Section 2.2. for measurement approach). The MAD represents the maximum allowable depletion
(%), D is the depth of the soil (cm), and d is the irrigation water depth (cm). In the first irrigation, all lysimeters were
irrigated to field capacity (Forslund et al., 2011), but the second and third irrigations were performed according to the
MAD related to either treatments. For this, soil water content was measured using a SM300 moisture meter (Delta-T
Devices, UK) at the irrigation intervals by inserting the probe through small pores already installed on the right side of
the lysimeters wall. These measurements were at 5, 17, and 29 cm from the dripper and 5, 15, 25, 35, and 45 cm depths
below the soil surface. The three middle depths (i.e., 15, 25, 35 cm) were used to control irrigation rates to maintain the
soil the field capacity. The lysimeters walls were protected from direct radiation of sunlight during the experiments by
wrapping in opaque plastic sheeting.

2.2. Soil routine measurements

Soil texture was measured by sedimentation and a hydrometer (Gee and Bauder, 1986). An EC-meter measured
electrical conductivity (EC) in soil solution (Rhoades, 1996; Sims, 1996). The specific surface areas of biochar and soil
were determined by the Brunauer–Emmett–Teller (BET) method (Brunauer et al., 1938). The pH (1:5 soil:water) of soil
was measured using a pH-meter (Rayment and Higginson, 1992). A pressure plate was used to determine the soil moisture
retention curve at 0, 0.03, 0.1, 0.5, 1.0, and 1.5 MPa (Klute, 1986) of soil-biochar mixtures.

2.3. Bacteria

For bacteria preparation, fecal coliforms were harvested from raw wastewater provided by Shahrekord Wastewater
Treatment Plant, Iran. MacConkey agar was used to grow cells at 44.5 ◦C for 24 h. This was then used to produce a
bacteria suspension (30 ± 9.2 ml) containing 3.99 ± 1.4 × 105 (CFU mL−1) that was added to the irrigation water used
throughout the experiment (Song et al., 2006). The influent concentration was always controlled using the plate counting
method in triplicates prior of each irrigation.

Soil samples were collected from depths of 0–5, 15, 20, 25 and 50 cm to determine fecal coliform distribution through
the lysimeter. At the installed dripper at depth 20 cm, the samples were taken from the final lateral margin of the wetting
front, not directly parallel to the up or down dripper locations (Table 1, supplementary data). At each irrigation soil
samples were taken before irrigation and at 0, 24 and 48 h after stoppage, and then immediately transferred to the lab.
One gram of each of the soil samples, in three replications, was weighed and placed into containers with 9 ml of sterilized
distilled water, and then mixed using a shaker for 30 min (Guber et al., 2005). A serial dilution (i.e., 1000–10000 times)
was used to culture cells on MacConkey agar culture medium. The incubation was performed for 24 h at 44 ± 0.5 ◦ C.
Finally, the number of bacteria colonies was counted from live cells by the plate count method and expressed as the
colony forming units per ml (CFU mL−1) of irrigation water (Guber et al., 2006).

2.4. Modeling

HYDRUS–2D simulated bacteria transport and water flow. This software package numerically solves the Richardson–
Richards equation for variably saturated water flow as (Šimůnek et al., 2012):

∂θ

∂t
=

∂

∂xi

{
K (h)

(
KA
ij
∂h
∂xj

+ KA
iz

)}
− S (3)

where θ is the volumetric soil water content (cm3 cm−3), t is time (h), h is the pressure head (cm), K is the unsaturated
hydraulic conductivity (cm h−1), KA

ij is a component of a dimensionless anisotropy tensor KA, xi is the spatial horizontal
nd vertical coordinates (cm), and S is the sink term (cm3 cm−3 h−1).
4
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HYDRUS–2D employs a modified form of the convection–dispersion equation to model transport and fate of virus,
olloid, and bacteria, as (Šimůnek et al., 2012):

∂θc
∂t

+ ρ
∂se
∂t

+ ρ
∂s1
∂t

+ ρ
∂s2
∂t

=
∂

∂xi
(θDwij

∂c
∂xj

) − (
∂qic
∂xi

) − µwθc − µsρ(se + s1 + s2) (4)

here c is the concentration of bacteria in aqueous phase (CFU mL−1), s is the concentration of bacteria in solid phase
CFU mL−1 g−1) with subscripts e,1, and2 denote equilibrium and two kinetic sorption sites, respectively, ρ is the bulk
ensity (g cm−3), q is the specific discharge (cm3 h−1); Dij is an effective dispersion coefficient tensor (cm2 h−1), and µw
nd µs represent degradation and inactivation processes in the liquid and solid phases, respectively. The longitudinal and
ransversal dispersivity coefficients in this study were initially set one-tenth of the simulation domain and one-tenth of
ongitudinal dispersivity, respectively (Elasbah et al., 2019), and refined with trial-and-error. Mass transfer between the
queous and solid kinetic phases can be represented as (Šimůnek et al., 2012):

ρ
∂s
∂t

= θkaψc − kdρs (5)

where ka is the first order deposition coefficient (h−1), kd is the first order entrainment coefficient (h−1), and Ψ is a
dimensionless colloid retention function. Ψ can be described as (Šimůnek et al., 2012):

ψ =
smax − s
smax

(6)

where smax is the maximum solid phase concentration (CFU mL−1g−1). In Eq. (4), it is assumed that soil has two sorption
sites, s1 and s2, each with their own attachment and detachment constants. Sorption sites s1 and s2, can be used to
represent straining and attachment, respectively. Bradford et al. (2003) suggested a depth-dependent blocking coefficient
for the straining process (Eq. (7)).

ψ =

(
dc + z + z0

dc

)−β

(7)

where dc is the diameter of the sand grains (cm), z0 is the location where straining starts (cm), and β is an empirical
actor. Bacteria attachment and straining were evaluated using a two kinetics site model (Amin et al., 2014).

.4.1. Soil hydraulic properties
Soil hydraulic properties were modeled using the van Genuchten–Mualem model as follows (van Genuchten, 1980).

θ (h) = θr +
θs − θr

[1 + (αh)n]m
h < 0 (8)

θ (h) = θs h ≥ 0 (9)

K (h) = KsS le
[
1 − (1 − S1/me )m

]2
(10)

here θs is saturated water content (L3 L−3), θr is residual water content (L3 L−3), m (-), n (-), and α (L−1) are empirical
arameters, Ks is saturated hydraulic conductivity (L T−1), l is the pore connectivity parameter (-) taken as 0.5 (Mualem,

1976), and Se is the effective saturation water content (-) as follows (van Genuchten, 1980).

Se =
θ − θr

θs − θr
. (11)

he soil hydraulic properties were estimated using Rosetta code implemented in HYDRUS using the measured data
ncluding bulk density, water content at field capacity, permanent wilting point and soil particle size distribution. Further,
n inverse solution was performed to calculate the soil hydraulic properties using the measured water contents. The most
ensitive parameters (Ks, θs and n) were found and the other parameters (θr and α) were considered equal to values
btained by the RETC program. The initial values of the soil hydraulic parameters were obtained in two ways; first,
y fitting the observed retention data to the van Genuchten–Mualem model using RETC software, second by Rosetta.
ince there was no significant difference between θr and α using RETC and Rosetta code’ results, those parameters were
onsidered fixed in the simulation process of soil moisture content. The initial values of θs, Ks, and n were considered
ased on the Rosetta code.

.4.2. Flow domain and finite elements mesh
The transport domain simulated our lysimeter setup as 55 cm deep and 35 cm wide, with the dripper simulated at

0 cm below the soil surface. The dripper (located on the left vertical boundary of the transport domain (Fig. 1)) was
epresented as a half circle with a radius of 1 cm in all cases. For all simulations processes, we hypothesized that the
oil was homogeneous so water flow was symmetrical in the horizontal direction and only one-half of the domain was
imulated (Kandelous et al., 2012; Provenzano, 2007).
5
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2.4.3. Initial and boundary condition
The initial soil water content, as an initial boundary condition, was considered fixed in the whole domain that

orresponded to the measured soil water content before starting the first irrigation. The time variable flux boundary
ondition was considered using a half-circle at 20 cm depth, the dripper position. The dripper had constant flux for each
rrigation. A zero water flux condition was assigned during the redistribution phase when water application was stopped,
hen an atmospheric boundary condition was assumed on the soil surface, a free drainage boundary condition was set for
he probable drainage at the bottom of the soil, and a no-flow boundary condition was set along the right and left of the
omain geometry. For solute transport, the third type Cauchy boundary condition was applied to the node’s representing
he dripper. For all treatments, the initial bacteria concentration in the soil was fixed to zero.

.5. Statistical analysis

Modeling performance was evaluated for water flow and bacteria concentration using root mean square error (RMSE),
egression coefficient (R2), and mean absolute error (MAE) which were determined by:

RMSE =

√∑n
i=1(Oi − Pi)2

n
(12)

R2
= 1 −

∑n
i=1(Pi − Oi)2∑n
i=1(Oi − Oi)2

(13)

MAE =

∑n
i=1 |Pi − Oi|

n × Oi
(14)

here Oi, Pi, and Ōi respectively represent the observed, predicted, and the average of either water content or bacteria
oncentration, and n is the number of observations (Willmott, 1982).

. Results and discussion

.1. Biochar treated-soil properties

The soil texture was clay loam with a particle size distribution of 36.5% sand, 35.6% silt, and 27.9% clay. EC was
.112 ± 0.008 dS m−1 for control soil, 0.43 ± 0.05 dS m−1 for biochar, 0.133 ± 0.027 dS m−1 for 0.5% biochar treated
oil and 0.135 ± 0.01 dS m−1 for 1% biochar treated soil. Due to biochar particle density, bulk density decreased slightly
from 1.31 ± 0.02 g cm−3 to 1.3 ± 0.009 g cm−3 and 1.29 ± 0.008 g cm−3 for the biochar treated soil at rates 0.5% and
1%, respectively. The specific surface area was 30.2 m2 g−1 for the soil and 9.6 m2 g−1 for the biochar. Biochar had a pH
of 7.37 compared to the soil with a pH of 8.07, resulting in a slight decrease of pH to 7.6 ± 0.25 for 0.5% and 7.7 ± 0.12
for 1% biochar amended soil. A decrease of pH (11.7–3.7%) in an agricultural soil after addition of biochar-based fertilizer
was also observed by Das and Ghosh (2021).

The value of θfc increased slightly after the addition of biochar, from 0.350 cm3 cm−3 in the control to 0.358 and
0.365 cm3 cm−3 for treatments mixed with 0.5 and 1% biochar, respectively. At the dry end of water retention, the θpwp
value remained unchanged at about 0.17 cm3 cm−3. Biochar amendment of soil at a rate of 1% increased water retention
slightly by 9% over the matric potentials range 0 to −700 cm. Simulations showed that soil hydraulic properties, including
θs and θr , Ks, n, α, and l were not influenced by the addition of biochar (Table 1), as indicated in previous studies.

Major et al. (2012) reported that the addition of biochar produced from wood and applied at 20 t ha−1 to a clay soil
had no significant effect on soil water retention and saturated hydraulic conductivity. Also, Jeffery et al. (2015) found
that water retention and saturated hydraulic conductivity of a sandy soil did not significantly change after the addition
of biochar produced from herbaceous feedstock at two temperatures (400 and 600 ◦C) and rates as high as 50 t ha−1.
Similarly, Hardie et al. (2014) found that incorporation of 47 t ha−1 biochar of acacia green waste into a sandy soil did
not significantly alter soil hydraulic properties modeled using a bimodal van Genuchten–Mualemmodel. Rabbi et al. (2021)
also found no distinct relation between type of biochar, its application rate and soil hydraulic properties.

However, in contrast with our results, Wu et al.’s (2019) study of a clay soil evaluated using the van Genuchten (1980)
model showed that application of corn straw biochar at rates of 0, 25, 50, 75, and 100 t ha −1 could increase the values of θs
and α, while, the values of n and θr parameters decreased with increasing biochar application. Also, in a pot experiment,
Libutti et al. (2021) observed no change in tendency for the values of θr and α parameters of clay loam soil-biochar
mixtures (0, 2, 4, 6, 8, and 10% w/w), but an increase for the θs and n parameters following the enhancement of biochar
application rate. Lim et al. (2016) reported a decrease of the value of Ks for a clay loam soil after the addition of 1% and
2% (w/w) biochar produced from different feedstock materials (hardwood wood pellets, pine wood chips and hardwood
chip), while addition of biochar at 5% had no effect. A similar finding was also reported by Kameyama et al. (2012); an
increase of the θs values for an addition of 10% w/w biochar derived from sugarcane bagasse to a clay soil. Overall, studies
demonstrate that the conflicting biochar results and impacts on soil properties and soil water retention are due to the
6
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particle size and hydrophobicity, which depend on the type of biochar feedstocks (Herath et al., 2013; Edeh and Mašek,
2021).

An increase of saturated hydraulic conductivity in biochar amended soil has been attributed to increased tortuosity
nd macro-porosity due to greater soil aggregation (Lim et al., 2016; Major et al., 2012). Enhanced water retention could
e due to intrapore (pores within the biochar structure) and interpore (formed between the biochar particles and the soil
articles) (Libutti et al., 2021).

.2. Model calibration using water flow

The agreement between the observed and simulated soil water content for model calibration was excellent; for q,
MSE (0.038 to 0.053), MAE (0.028–0.043) and R2 (0.63–0.75), and for Q, RMSE (0.037 to 0.053), MAE (0.026–0.043) and

R2 (0.69–0.78). These results indicated that HYDRUS–2D can be successfully used to predict the variation of soil water
content under subsurface drip irrigation in different conditions by applying a deterministic approach for simulating soil
water movement based on the Richardson–Richards equation (Karandish and Simunek, 2016), agreeing with findings from
other studies Arbat et al. (2020), and Kandelous and Šimůnek (2010b). The evaluation of wetting fronts for the control
soils showed that the q rate had a larger lateral advancement compared to the Q rate, but there was not a significant
difference between the q and Q rates for the vertical direction (see Supplementary data). However, the biochar-treated
soils had smaller lateral and vertical wetting fronts if compared with unamended soil. Pu et al. (2019) also reported that
the dimension of the wetting front decreased after the addition of 1, 2 and 4% biochar to soil. Skaggs et al. (2010) reported
that diminishing the applied discharge rates for the subsurface drip irrigation leads to an increase of lateral spreading of
the wetting front. This could impact soil water holding capacity and water distribution.

The mean values of the observed and simulated water content for the two layers of the lysimeters (0–20 and 20–55 cm)
are illustrated in Fig. 2. The simulations both underestimated and overestimated water content for some points (e.g.,
0.242 vs. 0.234 cm3 cm−3 in qM70B1: 0–20 cm or e.g., 0.246 vs. 0.272 cm3 cm−3 in qM70B0.5: 20–55 cm). In most cases,
particularly in the first and second irrigation events, the amount of simulated water content at 0–20 cm and 20–55 cm
for the treatments was less than observations. This could be due to the drier water content simulated in the horizontal
direction at 17 and 29 cm compared to the measured water content. Honari et al. (2017) and Grecco et al. (2019) found
wetter simulated water contents at the points under the dripper compared to the other measured locations. Grecco et al.
(2019) demonstrated that HYDRUS–2D simulated wetter water contents of the first layer of soil (0–25 cm) before and at
the time of irrigations (0 to 110 days) compared to the observed data, but after this period the model underestimated
water contents before irrigations. The differences in the coordinate of the TDR probes and the observation nodes in the
model were considered as the reason for these results. In comparison, they noted that the water contents of the second
layer (25–50 cm) was simulated better. Another study by Xi et al. (2016) found large differences between the observed
soil water contents and the simulated ones using HYDRUS–2D under a subsurface drip irrigation of a silt soil at depth
of 0–20 cm. In our study, the difference between measured and simulated water content in soil treated with biochar
after stoppage of irrigation was less than for unamended soil. This may be associated with uncertainties in optimization,
because of an increase in water retention of the amended soils than the unamended ones, however, further research
would be needed to find the main reason.

3.3. Modeling bacteria scenarios

Four scenarios were considered to determine the most possible mechanism(s) for transport and retention of bacteria
through the studied soils: (i) in the first scenario, we estimated attachment, straining, and physical detachment coefficient
(i.e., only for the first site) coefficients; (ii) then in the second scenario, bacteria inactivation was estimated for the solid
and aqueous phases with regards to the inversed attachment, detachment and straining in the first scenario considered
fixed; (iii) afterward, bacteria inactivation process in the solid and liquid phases was assessed without considering the
retention and transport mechanisms; and (iv) finally in the fourth scenario, the coefficients of attachment, straining, and
physical detachment, as well as the inactivation coefficient were simultaneously estimated (see Tables 2–5).

The results from the first scenario showed that the kstr was at least 103 times and at most 106 times higher than
he katt values. The kdet coefficient (i.e., for the first site) was smaller than kstr indicating that straining was the dominant
echanism for transport and retention of bacteria in all treatments. The highest and lowest values of kstr were for qM70B1
nd qM30B0.5, respectively. The physicochemical detachment coefficient (i.e., for the second site) was not considered due
o the very small values of the katt simulated. The range of R2 was 0.86 to 0.98, RMSE was 0.017 to 0.057, and MAE was
.01 to 0.027.
From the second scenario, bacteria growth and die-off was affected by the 30 days irrigation duration of each treatment

n the experiment. The results indicated that the inactivation rate in the solid phase was higher than in the liquid phase,
hich corresponded with the first scenario, where straining was found as the main retention mechanism. The range of
2 was 0.81 to 0.98, RMSE was 0.017 to 0.057 and MAE was 0.009 to 0.026.
However, in the third scenario, the values of the inversed inactivation coefficient in the liquid phase were much higher

han in the solid phase, and not within the ranges of previous reports (e.g. Schijven and Šimůnek, 2002). Amin et al. (2014)
ound this value could be changed between 0.1 to 0.12 day−1 for E. coli in a sandy loam and a sandy clay loam. Morales
7
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Fig. 2. Observed and fitted soil water content during experiment: (a) and (b) qM70B0; (c) and (d) qM70B0.5; (e) and (f) qM70B1. q indicates
ischarge rate 0.003 cm h−1; M70 is MAD 70%; B0, 0.5, and 1 are biochar application rates 0, 0.5 and 1%, respectively.

t al. (2014) reported an E. coli die-off rate in the aqueous phase of about 0.0824 h−1 across a range of soil textures.
he data for the bacteriophages showed that values of the inactivation coefficient in the liquid phase could range from
.03 to 0.12 day−1 depending on bacteriophage in dune recharge, or 0.039 day−1 for removal of bacteriophage in deep
ell injection (Schijven and Šimůnek, 2002). Furthermore, Hassanizadeh and Schijven (2000) found that the inactivation
oefficient varied from 0.03 to 0.06 day−1 for bacteriophage.
Estimation and optimization of many parameters are not recommended due to the uniqueness of problems using

HYDRUS, but our results for the first and second scenarios were also confirmed in the last scenario. The results
demonstrated the predominance of straining as the main mechanism in the retention of bacteria, regardless of the various
8
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Table 2
First modeling scenario; transport and retention parameters (attachment coefficient katt , straining coefficient kstr , and physical release kdet ) for the
tudied soils.
Treatments katt (h−1) kstr (h−1) kdet (h−1) R2 RMSE MAE

qM30B0 6.33 × 10−6 2.236 0.608 0.97 0.023 0.012
qM30B0.5 1.58 × 10−5 1.133 0.275 0.95 0.031 0.015
qM30B1 3.13 × 10−6 2.000 0.504 0.92 0.037 0.018
qM50B0 5.40 × 10−6 2.340 0.633 0.96 0.025 0.013
qM50B0.5 1.70 × 10−4 2.756 0.706 0.97 0.023 0.012
qM50B1 2.99 × 10−3 1.355 0.356 0.98 0.020 0.011
qM70B0 3.26 × 10−6 2.190 0.556 0.97 0.057 0.025
qM70B0.5 1.00 × 10−3 4.622 1.189 0.96 0.030 0.015
qM70B1 3.10 × 10−6 5.828 1.524 0.97 0.025 0.012
QM30B0 8.30 × 10−6 2.214 0.605 0.95 0.033 0.019
QM30B0.5 4.06 × 10−5 1.619 0.417 0.86 0.057 0.027
QM30B1 1.73 × 10−5 2.507 0.639 0.92 0.035 0.018
QM50B0 1.15 × 10−6 1.211 0.321 0.95 0.040 0.025
QM50B0.5 3.13 × 10−6 3.376 0.939 0.96 0.025 0.012
QM50B1 3.19 × 10−3 2.243 0.576 0.98 0.048 0.019
QM70B0 1.49 × 10−3 1.543 0.433 0.97 0.024 0.014
QM70B0.5 8.73 × 10−4 1.972 0.542 0.98 0.017 0.010
QM70B1 4.73 × 10−6 1.740 0.485 0.98 0.032 0.021

q and Q indicate discharge rates 0.003 and 0.0064 cm h−1; M30, 50, and 70 are MAD30, 50 and 70%; B0, 0.5, and 1 are biochar application rates
0, 0.5, and 1 %, respectively.

Table 3
Second modeling scenario; inactivation coefficients for the liquid (µl) and solid (µs) phases with regards to the fixed attachment coefficient (katt ),
straining coefficient (kstr ), and physical release (kdet ) yielded from the first scenario.
Treatments katt (h−1) kstr (h−1) kdet (h−1) µl (h−1) µs (h−1) R2 RMSE MAE

qM30B0 6.33 × 10−6 2.236 0.608 2.45 × 10−6 2.89 × 10−6 0.97 0.030 0.016
qM30B0.5 1.58 × 10−5 1.133 0.275 1.28 × 10−6 9.6 × 10−5 0.94 0.031 0.016
qM30B1 3.13 × 10−6 2.00 0.504 1.18 × 10−5 3.46 × 10−6 0.92 0.037 0.018
qM50B0 5.40 × 10−6 2.34 0.633 1.35 × 10−7 7.81 × 10−7 0.97 0.050 0.022
qM50B0.5 1.70 × 10−4 2.756 0.706 4.12 × 10−5 1.31 × 10−6 0.97 0.023 0.012
qM50B1 2.99 × 10−3 1.355 0.355 4.18 × 10−6 3.13 × 10−6 0.98 0.020 0.011
qM70B0 3.26 × 10−6 2.190 0.556 4.88 × 10−7 4.56 × 10−6 0.97 0.057 0.026
qM70B0.5 1.00 × 10−3 4.622 1.189 4.12 × 10−5 4.22 × 10−6 0.96 0.025 0.012
qM70B1 3.10 × 10−6 5.828 1.524 1.87 × 10−6 7.96 × 10−6 0.97 0.025 0.012
QM30B0 8.30 × 10−6 2.214 0.605 8.50 × 10−7 9.80 × 10−5 0.96 0.047 0.024
QM30B0.5 4.06 × 10−5 1.619 0.417 5.54 × 10−6 3.14 × 10−6 0.81 0.056 0.026
QM30B1 1.73 × 10−5 2.507 0.639 4.88 × 10−6 3.20 × 10−6 0.92 0.035 0.018
QM50B0 1.15 × 10−6 1.211 0.321 4.30 × 10−7 4.96 × 10−8 0.95 0.040 0.025
QM50B0.5 3.13 × 10−6 3.376 0.939 6.47 × 10−8 3.14 × 10−6 0.96 0.025 0.013
QM50B1 3.19 × 10−3 2.243 0.576 1.28 × 10−4 9.36 × 10−5 0.98 0.017 0.009
QM70B0 1.49 × 10−3 1.543 0.433 2.72 × 10−5 2.78 × 10−6 0.96 0.024 0.014
QM70B0.5 8.73 × 10−4 1.972 0.542 2.07 × 10−6 3.91 × 10−6 0.98 0.017 0.010
QM70B1 2.70 × 10−6 1.626 0.435 1.18 × 10−5 9.26 × 10−5 0.97 0.022 0.012

q and Q indicate discharge rates 0.003 and 0.0064 cm h−1; M30, 50, and 70 are MAD30, 50 and 70%; B0, 0.5, and 1 are biochar application rates
0, 0.5, and 1 %, respectively.

treatments applied (Table 5). Modeling showed that bio-colloids can be removed from the solid phase by first-order
entrainment and inactivation, and by attachment to the solid phase from the liquid phase. Furthermore, the data illustrated
the greater values of the inactivation coefficient in the solid phase than in the aqueous phase. Morales et al. (2014) also
reported a similar result; a higher bacteria die-off rate in the solid phase than the liquid phase of a clay loam soil.

The values of the kstr were several times higher than the katt for our biochar amendment treatments, and the straining
oefficients were higher than the physical detachments coefficients. This demonstrates that, under our experiments
onditions (i.e., time, biochar, flow interruption, and discharge rate), straining was the main mechanism in the removal of
acteria from the irrigation water. Even larger values of kstr compared to katt for E. coli (ATCC 25255) and Klebsiella oxytoca
ere obtained using HYDRUS–1D in a study by Bai et al. (2016) through fine sandy and coarse sandy column. In addition,
tudies have shown that straining can be an effective mechanism for inhibiting extracellular antibiotic resistance genes
eARGs) mobility in quartz sandy columns amended with biochar (700 ◦C) (e.g., Fang et al., 2022). The R2 varied between
9
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Table 4
Third modeling scenario; inactivation rates for the liquid (µl) and solid (µs) phases without attachment coefficient (katt ), straining coefficient (kstr ),
and physical release (kdet ).
Treatments katt (h−1) kstr (h−1) kdet (h−1) µl (h−1) µs (h−1) R2 RMSE MAE

qM30B0 – – – 1.34 × 102 1.00 × 10−3 0.29 0.177 0.104
qM30B0.5 – – – 1.05 × 102 2.00 × 10−4 0.26 0.169 0.099
qM30B1 – – – 1.00 4.00 × 10−3 0.32 0.18 0.102
qM50B0 – – – 1.34 × 102 1.00 × 10−1 0.03 0.59 0.23
qM50B0.5 – – – 1.00 2.00 × 10−3 0.34 0.097 0.177
qM50B1 – – – 1.00 × 102 1.00 × 10−1 0.15 0.16 0.092
qM70B0 – – – 7.95 × 101 1.00 × 10−2 0.002 0.58 0.23
qM70B0.5 – – – 1.06 × 102 1.00 × 10−3 0.29 0.157 0.088
qM70B1 – – – 1.62 1.00 × 10−3 0.41 0.181 0.098
QM30B0 – – – 1.64 × 101 1.00 × 10−3 0.20 0.212 0.138
QM30B0.5 – – – 1.69 × 101 1.00 × 10−4 0.07 0.16 0.092
QM30B1 – – – 1.18 1.00 × 10−3 0.20 0.161 0.094
QM50B0 – – – 1.69 × 101 1.00 × 10−3 0.46 0.342 0.172
QM50B0.5 – – – 1.99 × 101 2.89 × 10−4 0.26 0.16 0.092
QM50B1 – – – 1.94 × 102 1.00 × 10−3 0.136 0.161 0.094
QM70B0 – – – 5.34 × 101 1.00 0.09 0.168 0.097
QM70B0.5 – – – 1.66 × 101 1.00 × 10−3 0.116 0.159 0.091
QM70B1 – – – 1.93 × 102 1.00 × 10−4 0.188 0.161 0.094

q and Q indicate discharge rates 0.003 and 0.0064 cm h−1; M30, 50, and 70 are MAD 30, 50 and 70%; B0, 0.5, and 1 are biochar application rates
, 0.5, and 1 %, respectively.

Table 5
Fourth modeling scenario; transport and retention parameters including attachment coefficient (katt ), straining coefficient (kstr ), physical release (kdet )
and inactivation coefficients for the liquid (µl) and solid (µs) phases of the studied soils.
Treatments katt (h−1) kstr (h−1) kdet (h−1) µl (h−1) µs (h−1) R2 RMSE MAE

qM30B0 1.85 × 10−3 0.917 0.207 3.96 × 10−6 1.27 × 10−3 0.95 0.039 0.016
qM30B0.5 4.11 × 10−6 0.743 0.150 3.00 × 10−6 2.18 × 10−3 0.90 0.042 0.021
qM30B1 2.85 × 10−4 0.934 0.197 1.37 × 10−5 1.78 × 10−3 0.88 0.043 0.021
qM50B0 7.56 × 10−5 1.016 0.241 6.50 × 10−6 1.63 × 10−3 0.94 0.040 0.020
qM50B0.5 1.69 × 10−4 1.042 0.231 5.20 × 10−5 1.23 × 10−3 0.95 0.028 0.014
qM50B1 1.13 × 10−3 1.357 0.353 1.69 × 10−5 6.42 × 10−4 0.98 0.02 0.011
qM70B0 3.34 × 10−5 1.701 0.414 2.21 × 10−5 1.45 × 10−3 0.95 0.027 0.014
qM70B0.5 1.77 × 10−5 1.909 0.455 2.85 × 10−3 3.20 × 10−4 0.95 0.032 0.018
qM70B1 2.95 × 10−5 1.229 0.287 1.67 × 10−6 1.73 × 10−4 0.94 0.033 0.017
QM30B0 3.41 × 10−6 1.246 0.281 1.51 × 10−6 2.58 × 10−3 0.94 0.050 0.028
QM30B0.5 2.53 × 10−5 1.309 0.311 8.32 × 10−4 8.95 × 10−4 0.81 0.057 0.026
QM30B1 8.17 × 10−6 1.357 0.334 7.50 × 10−6 3.61 × 10−5 0.93 0.058 0.026
QM50B0 2.84 × 10−4 1.356 0.361 3.57 × 10−5 1.81 × 10−3 0.92 0.050 0.029
QM50B0.5 3.12 × 10−6 2.298 0.621 4.58 × 10−5 2.37 × 10−4 0.96 0.026 0.014
QM50B1 1.27 × 10−4 1.967 0.501 6.84 × 10−5 8.50 × 10−4 0.98 0.017 0.009
QM70B0 6.18 × 10−7 1.527 0.427 5.98 × 10−4 2.61 × 10−4 0.97 0.024 0.014
QM70B0.5 3.13 × 10−6 1.937 0.531 1.18 × 10−4 2.18 × 10−4 0.98 0.017 0.01
QM70B1 8.31 × 10−6 1.709 0.468 1.25 × 10−7 1.76 × 10−5 0.97 0.021 0.012

q and Q indicate discharge rates 0.003 and 0.0064 cm h−1; M30, 50, and 70 are MAD 30, 50 and 70%; B0, 0.5, and 1 are biochar application rates
, 0.5 and 1 %, respectively.

.81 and 0.98 and the values of RMSE and MAE ranged from 0.017 to 0.058 and 0.0095 to 0.029, respectively. With this
llustration, the differences between the various treatments are discussed in detail in the following based on scenario iv.

.4. Bacteria straining and die-off

Our scenario iv (estimation of attachment, straining, and physical detachment coefficients, as well as the inactivation
oefficient) showed that straining and die-off controlled bacteria retention through the biochar-treated soils and the
ontrol soils. The bacteria mortality for the applied biochar at rates of 0, 0.5 and 1% were 7.99 × 10−4, 7.25 × 10−4,
nd 3.01 × 10−4 h−1, respectively, demonstrating that biochar can retain and protect bacteria in soil (Pang et al., 2008).
acteria straining was higher for the Q compared with q, indicating that the higher flow rate forced bacteria into the

biochar pore spaces, and resulted in a decrease of bacteria die-off. On the other hand, for the q, the effect of clay content
or the various treatments was higher, because the q resulted in a longer contact time and therefore a higher bacteria
ttachment and most probably bacteria collision on particle surfaces.
10
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The katt for the q and Q treatments varied between 4.11 × 10−6 to 1.85 × 10−3 h−1 and 3.13 × 10−6 to 5.55 × 10−4

h−1, respectively. The smallest and the largest values of this coefficient under the q were related to the M30B0.5 and
M30B0, respectively. This not only shows the negligible effect of biochar on bacteria attachment, but also illustrates clear
evidence of bacteria retention as the result of straining (i.e., bacteria trapping in biochar pores, but not on its surfaces).
However, the simultaneous effects of clay content and low water flow led to various katt values for the treatments for
MADs so that we could not thus find an obvious link between the attachment coefficients for the applied biochar rates.
For the Q treated ones, the differences of katt decreased between the treatments indicating an obvious effect of water flow
on bacteria retention. Furthermore, for this flow discharge rate, the katt values increased as the soil dried in term of the
MADs (e.g., MAD70%). Overall, the highest values of katt and kstr were related to the q and the Q, respectively, furthermore,
the flow rate and biochar had higher effects on bacteria retention and inactivation than the MADs. The smallest values of
kstr were observed for the irrigation with short frequency (i.e., MAD 30%) in both of q and Q treatments. Madumathi et al.
(2017) reported that an increase of flow velocity in sand and soil columns from 0.0535 to 0.214 (cm h−1), decreased the
attachment coefficient for 4.4% and 1.1%, respectively. Some studies indicated that for soils with smaller pore size, high
clay, and organic matter contents, straining can be the main mechanism for colloid retention (Bradford et al., 2013; Pang
et al., 2008). In other studies the interaction between clay particles and pore structure (Abit et al., 2014) or soil aggregate
formation and system hydrodynamics (Gargiulo et al., 2007) have been shown to increase bacterial straining. Our study
with biochar shows that its interaction with soil pore structure and surface area also affects bacteria straining.

The detachment data illustrated that the treatments under Q had the higher values of the kdet than the q counterparts,
so that the largest and the smallest values of physical detachment related to QM50B0.5 and qM30B0.5, respectively.
The larger values of the kdet and the increase of soil water holding capacity in biochar-amended soils (i.e., 1% biochar
pplication rate) indicated the occurrence of physical release in the biochar pores. As discussed earlier (see Section 3.2.),
ddition of biochar enhanced soil mesopores and macropores, therefore, flowing water through soil macropores could
rap bacteria in those pores due to the larger size. But, the higher values of the kdet for the Q than the q might be due the
higher hydrodynamic shear force that might alter water flow behavior at the pore scale so that trapped bacteria in the
pores are remobilized (Engström et al., 2015).

3.5. Bacteria retention modes

The observed and simulated retention data are given in Figs. 3–5. The highest concentrations of bacteria at depths
15 and 25 cm were predicted very well by the model (R2

= 0.83 to 0.97), but the model failed to simulate bacteria
concentration at a depth of 50 cm (i.e., the bottom of the lysimeters) for all treatments. At this depth, the smallest bacteria
concentration was observed at the beginning of irrigation but the greatest one at the end of experiments. This might
indicate that further retention mechanism (e.g., ripening) could affect bacteria retention deeper in the soil (Zhong et al.,
2017). However, our observations and simulations provided sufficient evidence that straining was the most important
mechanism for bacteria retention across our treatments.

Bacteria retention profiles are shown in Fig. 6a–c. The retention profiles of all treatments exhibited a similar shape
(i.e., bell shape), and the simulations correctly captured the four studied depths (0–5, 15, 25 and 50 cm) (Fig. 6a–c).
However, the predicted amounts of bacteria particularly at depths 15, 25 and 50 cm were over-predicted compared to
our observations that clearly showed the amounts of bacteria gradually decreasing after 12 days from the stoppage of the
third irrigation (Figs. 3–5). The overestimations were higher for the treatments at 1% biochar compared to the other rates,
possibly due to the smaller predicted inactivation coefficients. Uncertainties in survival rates of bacteria and preferential
flow in different parts of soil can result in underestimation by HYDRUS–2D that fails to capture the experimental data
(Amin et al., 2014).

4. Conclusion

Biochar was found to positively control bacteria transport from subsurface drip irrigation in soil over our 30 day
controlled lysimeter study. The novel data generated allowed testing of HYDRUS–2D, with the combined experimental
and modeling results indicating at 1% (w/w) biochar amendment, smaller MAD (e.g. 30%) and slower flow rates, bacteria
retention was greatest and dominated by physical straining of the bacteria. Biochar likely had direct impacts by providing
new macropore structure that strained bacteria, but the water retention data suggests that biochar also affected soil
macropores through aggregation. A significant advancement for this study was confirmation that HYDRUS–2D effectively
modeled bacteria transport, providing scope to upscale to field conditions and test a range of different scenarios.

Our research explored one soil and one type of biochar mixed at two concentrations. Clearly there are positive impacts
of biochar on bacteria retention, especially at 1% (w/w) application levels, but testing could be expanded to explore
whether pyrolysis temperature, and feedstock type of biochar could be optimized for even greater bacteria retention.
With the growing use of treated wastewater for drip irrigation, technologies like biochar to mitigate bacteria transport
are promising. With knowledge from more soils, HYDRUS–2D could be applied to predict impacts and therefore increase
confidence in management decisions.
11
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Fig. 3. Temporal–spatial distribution of bacteria under q and Q treatments: (a) qM30B0, (b) qM50B0, (c) qM70B0, (d) QM30B0, (e) QM50B0, (f)
M70B0. q and Q indicate discharge rates 0.003 and 0.0064 cm h−1; M30, M50, and M70 are MAD 30, 50, and 70%, respectively; B0 is biochar
pplication rate 0%.
12



F.A. Teshnizi, M. Ghobadinia, F. Abbasi et al. Environmental Technology & Innovation 31 (2023) 103229

(
a

Fig. 4. Temporal–spatial distribution of bacteria under q and Q treatments: (a) qM30B0.5, (b) qM50B0.5, (c) qM70B0.5, (d) QM30B0.5, (e) QM50B0.5,
f) QM70B0.5. q and Q indicate discharge rates 0.003 and 0.0064 cm h−1; M30, M50, and M70 are MAD 30, 50 and 70%, respectively; B0.5 is biochar
pplication rate 0.5%.
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Fig. 5. Temporal–spatial distribution of bacteria under q and Q treatments: (a) qM30B1, (b) qM50B1, (c) qM70B1, (d) QM30B1, (e) QM50B1, (f)
M70B1. q and Q indicate discharge rates 0.003 and 0.0064 cm h−1; M30, M50 and M70 are MAD 30, 50 and 70%, respectively; B1 is biochar
pplication rate 1%.
14
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Fig. 6. Retention of fecal coliform at different soil depths for flow rates of q and Q cm h−1; (a) control soil, (b) soil treated biochar (0.5%), and (c)
oil treated biochar (1%). (Symbols and lines are observed and fitted data, respectively.) q and Q indicate discharge rate 0.003 and 0.0064 cm h−1;
30, M50 and M70 are MAD 30, 50 and 70%; B0, 0.5, and 1 are biochar application rates 0, 0.5 and 1%, respectively.
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