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Abstract

This study evaluates the performance of an upflow anaerobic biochar-based filter column for treating pig farm
wastewater, addressing the limited application of biochar in this context. Biochar derived from Mimosa pigra, an
invasive plant species, was utilized to explore its potential as a sustainable, cost-effective treatment medium.
Two systems with varying hydraulic loading rates (HLR) and organic loading rates (OLR) were evaluated. Both
systems achieved high chemical oxygen demand (COD) removal efficiency, ranging from 84.90% to 85.62%
within the first 12 days. The system operating under higher OLR and HLR exhibited slightly better COD removal
efficiency (78.22 + 5.05%) compared with the lower-rate system (77.93 * 5.44%). The results suggest that
increased OLR generally enhances COD removal, while higher HLR may reduce efficiency by decreasing biofil-
ter contact time. Despite elevated HLRs, effluent COD remained within discharge limits, indicating the potential
to optimize HLR and OLR for improved performance and cost-efficiency. This study provides new insights into
the application of invasive plant-derived biochar in pig farm wastewater treatment, contributing to more sustain-
able waste management practices.

Keywords: anaerobic filter; biochar; COD removal; hydraulic loading rate; organic loading rate; pig
wastewater

effective solution is needed to reduce pollution from swine
effluent, particularly for small-scale farms and households.
Biofilter technology is considered to have a simple opera-
tion, low energy requirement, environmental friendliness,
and low wastewater treatment costs (Terdn et al., 2017). It
was used for remediating swine wastewater (Escalante-
Estrada et al., 2019; Zhao et al., 2020). The filter material is

Introduction

anaging livestock waste on farms is challenging, par-
ticularly for small-scale farms in developing countries
(Phan et al., 2022). Swine wastewater is rich in solids,
organic matter, and nutrients, depleting dissolved oxygen
and endangering aquatic ecosystems and human health
(Gaur et al., 2022). Anaerobic digestion is commonly used

to reduce pollutant concentrations and produce biogas in
livestock wastewater treatment (Lourinho et al., 2020; Zhou
et al., 2024). Despite anaerobic treatment, swine wastewater
still contains high contaminants, failing to meet environmen-
tal standards (Pu et al., 2022). While some farms use bio- or
fishponds for further treatment, this is only feasible for those
with larger land areas (Nguyen et al., 2021). Thus, a cost-
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crucial in biofilter systems, as it affects effluent wastewater
quality by providing a surface area for microorganisms to
attach and grow (Zhao et al., 2020). Different types of mate-
rials in biofilters were employed for swine wastewater treat-
ment, such as utilized gravel, soil, woodchips (Zhao et al.,
2020), activated carbon, zeolite, Pall rings (Forbis-Stokes
et al., 2018), and red volcanic rock (Terdn et al., 2017).
Biofilters, while effective, are less competitive than aerobic
bioprocesses due to their large footprint, especially with tradi-
tional materials like sand and gravel (Marycz, 2023). These
materials also suffer from clogging and long start-up peri-
ods, requiring frequent maintenance (Dobslaw et al., 2018;
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Loh et al., 2021; Mohamed et al., 2023). Therefore, recent
studies have focused on developing new filter materials to
minimize clogging, enhance treatment efficiency, and
reduce costs.

Biochar has gained attention as a cost-effective and practi-
cal material for constructed wetlands and biofilter systems
due to its exceptional contaminant adsorption capacity,
driven by its high surface area, porosity, and functional
groups (Almanassra et al., 2021; Nguyen et al., 2020). It effi-
ciently adsorbs various pollutants, including organic and
inorganic substances, nutrients, heavy metals, and pathogens
(Almanassra et al., 2021; Truong et al., 2023). The pyrolysis
process, including temperature, heating rate, and residence
time, directly impacts biochar’s physicochemical properties
(Xiang et al., 2020; Yaashikaa et al., 2020). Higher produc-
tion temperatures typically increase surface area and porosity
(Bui et al., 2024; Tomczyk et al., 2020), enhancing cation
exchange capacity and adsorption performance (Leng et al.,
2021). Biochar with greater surface area and porosity also
promotes biofilm development, improving filtration effi-
ciency (Dalahmeh, 2016; Yaashikaa et al., 2020). Its high
porosity allows better water retention and supports biofilm
growth without clogging, outperforming less porous materi-
als (Fajar et al., 2022). Additionally, functional groups such
as C = O, —-OH, —CH,, and COOH, influenced by feedstock
and production temperature, determine biochar’s ability to
adsorb organic and inorganic compounds (Enaime et al.,
2020; Li et al., 2017; Li et al., 2023).

While biochar-based biofilters have effectively treated
various effluents, including domestic, livestock, and indus-
trial wastewater, research specifically targeting swine waste-
water treatment remains limited (Jayabalakrishnan et al.,
2024; Kaetzl et al., 2018; Kaetzl et al., 2019). Existing stud-
ies primarily focus on domestic wastewater treatment or spe-
cific types of industrial effluents, with limited attention given
to the challenges posed by agricultural wastewater, mainly

from pig farms. No studies have used Mimosa pigra biochar
filters to treat pig farm wastewater.

This study introduces an innovative approach using bio-
char derived from the invasive M. pigra in upflow anaerobic
filters (UAF) for small-scale pig farms. Unlike prior studies
on generic biochar applications for domestic or industrial
effluents, this research addresses the often-overlooked issue
of swine wastewater treatment, a major source of agricultural
pollution. The choice of M. pigra—based biochar is grounded
in its dual environmental and functional advantages: repur-
posing an invasive species into a sustainable, cost-effective
feedstock while leveraging its proven adsorption properties—
high surface area and porosity—as shown in previous studies
(Nguyen, 2021; Phuong Tran et al., 2021; Tran et al., 2022).
Despite these promising properties, its application for swine
wastewater remains underexplored, making this study a novel
contribution. Further, by examining the impact of hydraulic
loading rates (HLR) and organic loading rates (OLR) on treat-
ment performance, this work offers practical insights for real-
world pig farm operations, advancing knowledge on agricul-
tural wastewater management beyond existing literature.

Materials and Methods
Wastewater

Swine wastewater was collected from a biogas tank outlet
for household pig production in Hai Lang district, Quang Tri
province, Vietnam. The raw effluent was purified through a
sand tank filter to remove suspended solids. The wastewater
was then stored in a plastic container in a fridge and renewed
twice a week. The average chemical oxygen demand (COD)
concentration of the wastewater after passing through the
sand filter across all preparation batches was ~753.43 £
94.58 mg/L (n = 24). COD was analyzed using SMEWW
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5220 D (APHA, 2017). The COD concentration in this study
was comparable with that reported in other studies: 660 mg/L
(Thai et al., 2022), 505.3 + 706.9 mg/L. (Nguyen et al., 2021),
and 701.76 = 33.21 mg/L (Huong, 2023). Depending on the
stage of the study, the wastewater was either diluted twice or
thrice with tap water or not diluted.

Filter material

Preparation. The primary filter material used in the
experiment was biochar derived from the M. pigra plant.
Mimosa trees were collected locally, with the shells and
leaves removed. The stalks were dried outdoors for 3 days to
reduce humidity and then cut into 7-8 cm pieces. These
pieces were placed in closed tin boxes to limit oxygen expo-
sure during pyrolysis. The boxes were placed in a self-
produced oven with additional firewood around and on top.
The fire was ignited at the bottom of the furnace, and the lid
was closed. The temperature in the furnace is around 600°C.
The pyrolysis process lasted ~2 h. After cooling to room
temperature, the biochar was removed from the boxes,
crushed into small pieces (1-5 mm), and sieved over a 1| mm
sieve to remove fine particles. The biochar production pro-
cess from M. pigra plant is described in Figure 1. The bio-
char was washed with tap water three times to remove ashes
and then stored in a basket for about 1 h before being used in
the filter columns.

This study determined the physical properties of biochar,
including water content, bulk density, particle density, and
total porosity.

- The water content was determined by applying the for-
mula (Eq. 1):

(D

where w is gravimetric water content (g/g), M,, is the mass
of water (g), and M is the mass of solids (g). The air-dried
biochar was put in a furnace at 105°C for 24 h. The mass of

3

water was determined as the weight of the air-dried biochar
minus the weight of the oven-dried biochar.

- The bulk density reflects the mass or weight of a given
volume. It includes the volume occupied by solid par-
ticles and the voids (pores, cracks, etc.) between them.
The bulk density is the dry biochar media weight
divided by the volume occupied by the media (Eq. 2).

p=5 @

where p is the bulk density (g/cm?), My is the dry biochar
media weight (g), and Vj is the volume occupied by the
media (cm3).

Particle density refers to the mass per unit volume of the
solid particles, excluding the void spaces between them.
This was assessed using the liquid immersion technique,
where the volume of deionized water displaced by the par-
ticles was measured. Air-filled pores were eliminated by
gently boiling the mixture. The submerged particles were
then allowed to saturate for 24 h.

The particle density of the biochar was determined by
applying the formula (Eq. 3):

= )

where p, is the particle density (g/cm?), My is the mass of
biochar (g), and Vj is the volume of biochar (cm3).

The porosity of biochar was based on the particle density
and bulk density of biochar using the formula (Eq. 4):

f=1- 2 x 100, “)
Ps
where f is the total porosity (%), p is the bulk density (g/cm’),
and p, is the particle density (g/cm?).

UAF design and operation. Our study introduced two
novel UAF systems, each designed with unique features.

FIG. 1. Biochar production process: (a) Mimosa trees, an invasive species, used as the raw material; (b) shell and
leaf removal, followed by drying and cutting into 7-8 cm pieces; (¢) furnace operation and biochar formation after 2 h
of pyrolysis; and (d) final biochar product with a particle size of ~1-5 mm.
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FIG. 2. Schematic diagram of the biochar-based filter column: (1) Raw wastewater filtered through the sand filter,
(2) reservoir, (3) flow control, (4) anaerobic influent, (5) anaerobic effluent, (6) supernatant water layer, (7) top gravel
layer, (8) biochar media, (9) bottom gravel layer, and (10) sampling point.

The systems, identical in design, were constructed using
polyvinyl chloride (PVC) filter columns, each with a total
height of 80 cm and a diameter of 9 cm (Fig. 2). The effec-
tive volume of each column was 3.2 L, filled with the filter
materials. One system operated with diluted wastewater
(system A), while the other operated with raw sewage (sys-
tem B). Both UAFs were operated simultaneously under the
same environmental conditions. This experimental design
aimed to evaluate the behavior of UAF systems under differ-
ent COD and loading strengths. Each UAF column was filled
with three layers: a 10 cm layer of gravel (1-2 cm diameter)
at the bottom, a primary layer of 50 cm of biochar (added in
10 cm increments and lightly pressed), a 10 cm gravel layer
at the top, and a 10 cm supernatant water layer. The outlet
valve was positioned just above the supernatant water layer.
A 10 L wastewater reservoir, positioned 1.5 m above ground,
enabled a gravity-driven flow into the UAF. Wastewater
exited the reservoir through a bottom valve into a 1.4 m
long, 3 cm diameter PVC tube, directing flow to the UAF
column’s base, ensuring an upward flow through the system.
The 1.4 m inlet pipe minimized oxygen diffusion from the
influent, while the 10 cm supernatant water layer at the outlet
further restricted oxygen ingress. The system design main-
tained predominantly anaerobic conditions with no forced
aeration or mixing.

Our experimental design was comprehensive, aiming to
cover all aspects of UAF performance. Initially, the UAF
was continuously operated with tap water at 10 mL/min for

2 days to control flow, HLR, and hydraulic retention time.
After that, natural wastewater was loaded into the UAF in an
upflow, saturated, and intermittent regime. The inlet was fed
thrice daily at 6 a.m., 11 a.m., and 5 p.m. The wastewater-
fed mode imitated the wastewater discharge when barn
cleaning at household pig farms. The total time wastewater
was fed was 60 min per time. Depending on the stages of the
experiments, the wastewater-fed loading rates were 5, 10,
and 15 mL/min. The current study tested the performance of
UAFs at three HLR regimes and three levels of COD influent
concentration.

Sampling and analyses. The samples were collected at
two crucial locations: the inflow and outflow of UAFs, one
every 2 days at 6:30 a.m. These samples were immediately
analyzed, ensuring the utmost accuracy. We tested for COD
according to SMEWW 5220 D (APHA, 2017), and each
sample was analyzed in triplicate to confirm our findings.

The OLR and HLR were calculated according to the fol-
lowing formulas (Eqgs. 5 and 6):
0.Ciy

Vv

OLR= = (g/m’-d) ©)

_9
HLR = = (m/d) (6)

where Q is the wastewater flow (m3/d), C;, is the influent
COD concentration (mg/L), V is the helpful volume of the
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treatment tank (m?), and A is the cross-sectional area of the
filter column (mz).

The efficiency in the reduction of COD was calculated
with the following formula (Eq. 7):

B= " 100% ©)
Cin
where C;, is the influent COD concentration (mg/L), and C,4
is the effluent COD concentration (mg/L).

To evaluate the differences in treatment efficiency, we
used a one-way analysis of variance (ANOVA) at a 95%
confidence level. This analysis helps to determine whether
there are significant differences between groups with differ-
ent OLR and HLR values. The data were tested for homoge-
neity of variance before performing ANOVA. The ANOVA
test was conducted using IBM SPSS Statistics v25.0 soft-
ware. A 95% confidence level was set, meaning a p value
<0.05 was considered statistically significant for differences
between groups. If the ANOVA results showed significant
differences, multiple comparisons of Tukey’s HSD would be
performed to identify which groups differ significantly.

Each HLR or OLR group was operated for 34 days in
stage I, 18 days in stages II and IV, and 16 days in stage III,
with samples collected every 2 days. Consequently, each
group had 17 repetitions in stage I, 9 in stages Il and IV, and
8 in stage III. For the ANOVA analysis, the performance of
each repetition was represented by the mean of three repli-
cate measurements per sample.

Analysis of biochar properties. Our study employed
advanced analytical techniques to assess the properties of
biochar. A survey assessed the presence of functional groups
on biochar before and after adsorption using a Fourier-
transform infrared (FTIR) spectrometer, covering the range
of 4000-500/cm with a resolution of 2/cm. Elemental

5

composition and surface percentages of common elements
were determined using the Thermo Scientific K-Alpha X-ray
Photoelectron Spectrometer, with spectra analyzed in stand-
ard lens mode at pass energy of 200 eV, spanning 0-1200
eV with a 1 eV energy step. Surface area measurements
were conducted as multipoint Brunauer—-Emmet-Teller
(BET) from N, adsorption isotherms at 77.485 K using
ASAP 2020 V3.00 H. The scanning electron microscope
(SEM) images were obtained using the SEM Hitachi
SU8600 (Hitachi High-Tech Corporation).

Results and Discussion
Physical properties of biochar

The physical characteristics of biochar include water con-
tent, bulk and particle density, and porosity. The water content
of the biochar was 5.92%, indicating a relatively low moisture
level. The bulk density was measured at 148.45 g/cm®, while
the particle density was significantly higher at 478 g/cm?®. The
total porosity of the biochar was 31.05%, suggesting a substan-
tially porous structure. This enables biochar filters to retain
water better in the pores while facilitating the development of
biofilms, which serve as habitats for microorganisms to absorb
and degrade pollutants in the water (Dalahmeh, 2016).

The results of biochar surface properties show a high BET
surface area of 172.71 m*/g and a Langmuir surface area of
229.91 m?%g, along with a significant t-Plot micropore vol-
ume of 0.059 cm>/g (Supplementary Table S1). Moreover, the
moderate average pore widths (4.97 nm for Barrett-Joyner—
Halenda [BJH] adsorption and 4.54 nm for BJH desorption)
illustrate that Mimosa biochar has a highly porous structure
with a large surface area, which is favorable for adsorption
applications. Biochar surface areas and total pore volumes
typically range from 8 to 132 m*/g and 0.016 to 0.083 cm’/g,
but they can reach as high as 490.8 m%*/g and 0.25 cm’/g,
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FIG. 3. FTIR spectrum of biochar before and after adsorption: CBO presents biochar before adsorption and CB1

presents biochar after adsorption.
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respectively (Leng et al., 2021). For example, the BET sur-
face area of biochar from date palms varies from 2.04 to
249.13 m?*/g, with pore volumes ranging from 0.006 to
0.031 cm*/g (Elnour et al., 2019). Chowdhury et al. (2016)
reported a significant increase in the BET surface area of
wood sawdust biochar, from 2.567 to 220.989 mz/g, and in
pore volume from 0.005 to 0.009 cm>/g, as the pyrolysis tem-
perature rose from 350°C to 550°C. These comparisons sug-
gest that the biochar in our study exhibits notable surface
properties, providing numerous sites for adsorption both on
its surface and within its pore structure. After the experiment,
the postadsorption biochar samples were analyzed for surface
area, revealing a drastic reduction in the BET surface area to
3.95 m*/g and the Langmuir surface area to 5.44 m*/g. This
indicates that the adsorption capacity has been significantly
utilized, with pollutants occupying the most available sites. The
sharp decrease in t-Plot micropore volume to 0.0005 cm’/g
after adsorption highlights that the smallest pores have been
filled, crucial for trapping small pollutant molecules. Addi-
tionally, the significant reduction in the micropore volume of
biochar was also due to the development of biofilm covering
the material’s surface, including the biochar’s macropores
(Kaetzl et al., 2020).

Chemical and surface properties of biochar

The FTIR spectrum analysis (Fig. 3) illustrates that peaks
at wavenumbers 3687, 3646, and 3627/cm, within the
stretching region of 3700-3575/cm, indicate the presence of
the —OH group (Dai et al., 2023; Mesto et al., 2012) within
biochar after adsorption (CB1). In contrast, the biochar
before adsorption (CBO) peaks in the 3340-3323/cm region,
indicating —O-H stretching (Subratti et al., 2021). —-OH
groups enhance metal adsorption due to their hydrogen
bonding capabilities and higher electronegativity compared
with other functional groups, allowing them to complex
more effectively with metal ions. Additionally, the oxidized
functional groups on the biochar surface notably increase its
hydrophilicity (Li et al., 2023), enabling better interaction
with polar or water-soluble substances, such as metal ions,
ammonium, or certain organic compounds. Both biochar
samples also exhibit peaks at 2362-2341/cm, indicating the
presence of CO, groups. This is attributed to the functional
groups on biochar that can adsorb CO,, with the gas retained
on its surface (Dissanayake et al., 2020; Zhang et al., 2023)
or possibly due to residual gases trapped during the biochar
production process (Phuong Tran et al., 2021).

In CB1, the peak at 1693/cm indicates carbonyl bond
(=C=0) stretching within ketones or carboxylic groups (Kim
et al., 2021; Smith, 2017), while the peak at 1597/cm reflects
the stretching vibrations of the double bond —C=C- in open-
chain or branched structures (Elnour et al., 2019). Within the
1300-1000/cm range, two bands typically indicate the pres-
ence of the —-C—O- bond in alcohols or ethers (Wahyono
et al.,, 2019). In both CBO and CBI1, broad peaks in the
1205-1195/cm range indicate the presence of alcohols or
ethers in these samples. These functional groups, including —
C-O- and alcohol (-OH), play a crucial role in enhancing
ammonium adsorption due to their high reactivity and ability
to form hydrogen bonds (Yaashikaa et al., 2020).

In CB1, the peak at 871/cm demonstrates the presence of

Ca”" adsorbed (Delcourt et al., 2019) from wastewater

TABLE 1. OPERATING PARAMETERS IN TWO TREATMENT SYSTEMS

System B

System A

Stage Il Stage 111 Stage IV Stage [ Stage Il Stage 111 Stage IV

Stage [

Systems

1.18
0.425
496.97-723.94
18

1.8
1.78
0.283
309.38-482.06
16

539-833
0.9
3.56
0.142
151.59-234.28
18

3.56
0.142
44.72-112.53

159400
34

146.81-277.59
18

245.81-357.75
16

104.63-184.50
18

3.56
0.142
44.72-112.50

159-400
34

Influent COD (mg/L)

Q (L/d)
OLR (g COD/[m3-d])

HRT (d)
HLR (m/d)
Operation period (d)

NGUYEN ET AL.

System A operated with diluted wastewater, while system B used raw wastewater, with dilution applied only in stage I. Stages II, III, and IV remained undiluted.

HLR, hydraulic loading rate; HRT, hydraulic retention time; OLR, organic loading rate; Q, inflow rate.
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during the treatment. The elemental composition analysis of
the biochar surface before and after adsorption, shown in
Supplementary Figure S1 a and b, reveals that CB1 shares
common elements with CBO, such as O, N, C, and CI. Also,
CB1 shows the presence of Ca and P, with an increased N
content compared with CBO. This suggests that the biochar
effectively adsorbed N, P, and Ca-containing compounds.
The significant changes in C and O content also indicate the
biochar’s effective adsorption of organic compounds.

Removal capacity

Two UAF systems, A and B, were operated with different
operating parameters. Each system was divided into four
stages, each running under distinct conditions. The operating
parameters for both systems throughout the experiment are
presented in Table 1.

COD removal under different loadings. Experiments
were conducted under different COD load conditions to eval-
uate their impacts on the treatment efficiency of the UAFs.
In system A, the wastewater was diluted thrice during stages
(I, II, and 1V) and twice during stage III. In system B, the
wastewater remained undiluted in the final three stages (II,
II1, and IV). Depending on the changes in the inflow rate and
the initial wastewater concentration, the organic load into the
system varied across different stages (Table 2).

When the influent COD concentration increased from 258 *
50 mg/L (phase II) to 531 £ 76 mg/L (phase III), the OLR rose
from 144.94 + 28.25 to 298.90 + 42.53 ¢ COD/(m>-d), resulting
in a slight increase in COD removal efficiency from 76.11 £
3.50% to 78.14 £+ 2.44% in system A. However, when the influ-
ent COD concentration and OLR decreased in phase IV
(23531 £52.78 g COD/[m3-d]), the COD removal efficiency
dropped to 74.32 + 3.60% (Fig. 4). A similar trend was
observed in system B. When the OLR increased from 73.37 £
19.87 g COD/(m>-d) (stage I) to 209.03 + 27.68 g¢ COD/(m”-d)
(stage IT), the COD removal efficiency improved from 78.92 £
5.65% to 82.31 £ 3.13%. However, as OLR continued to rise
in stage III (426.09 + 60.50 g COD/[m’-d]) and IV (641.16 +
7512 ¢ COD/[m3-d]), COD removal efficiency declined to
77.19 £ 2.67% and 73.79 £ 3.45%, respectively (Fig. 5). The
reduced efficiency in stages III and IV coincided with increased
HLR, which shortened contact time and impacted COD
removal performance.

ANOVA analysis showed that changes in OLR signifi-
cantly affected COD removal rates (p < 0.05 for both systems
A and B). However, the post hoc test results indicated that
significant differences in COD removal efficiency (p < 0.05)
occurred between the OLR values of 73.37 and 235.31 g
COD/(m>-d) in system A (stages I and IV), and between
73.37 and 641.16 g COD/(m3'd) (stages I and IV), as well as
between 209.03 and 641.16 g COD/(m”> d) (stages II and IV)
in system B. Changes in OLR during the other stages did not
significantly affect COD removal efficiency (p > 0.05). This
is likely due to the system reaching a performance plateau,
where microbial adaptation and biofilm development stabi-
lized COD removal across specific OLR ranges. Additionally,
the overlapping influence of HLR, especially in stages III and
IV of system B, reduced the contact time between wastewater
and the biofilm, partially offsetting the impact of increased
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FIG. 4. Chemical oxygen demand (COD) concentration, removal rate, and organic loading rate (OLR) across different
stages in system A (upflow anaerobic filter operated with diluted wastewater).

OLR. Furthermore, at higher OLRs (stages III and IV), bio-
char adsorption sites may have reached saturation, making
biodegradation the primary removal mechanism, which
responds more gradually to changes in loading rates. In the
study by Perez-Mercado et al. (2018), operating spruce-
biochar filters at different OLR conditions (5 £2 and 20+ 5
g BODs/[m? d]) did not significantly impact COD removal
efficiency. However, the efficiency at OLR 20 + 5 g BODs/
(m? d) (99%) was higher than at 5 + 2 g BODs/(m? d) (95%).
Biochar filters showed a solid ability to stabilize variations in
loading conditions, as demonstrated by their ability to main-
tain high COD removal rates with an average fluctuation of
around 25% in organic load (Perez-Mercado et al., 2018).
These results suggest that while OLR can significantly affect
COD removal rates, this effect is dependent on specific con-
ditions. This can be observed in the treatment systems when
increasing the OLR from stage II to III, as system A’s COD
removal efficiency changed insignificantly (~2%). This lim-
ited variation suggests that the system may have reached its
optimal COD removal capacity. Despite the higher influent
COD concentration, the treatment efficiency remained stable,
possibly due to the biochar filter reaching its maximum
adsorption capacity, with adsorption sites nearing saturation.
Also, COD removal efficiency is influenced by multiple fac-
tors beyond OLR, such as water flow rate, filter structure, bio-
char properties, and microbial growth and activity. These
combined factors can limit variations in efficiency, even
under increased organic loading.

Effect of HLRs on COD removal. The HLR parameters
in the experiments were adjusted by changing the influ-
ent wastewater flow rate. The experiments examined
COD treatment efficiency at three HLR values corre-
sponding to different OLRs (Table 1). Figure 6 illus-
trates the effect of HLRs on the COD removal performance of
UAFs.

In system A, when the HLR increased from 0.142 (stage I)
to 0.283 m/d (stage II), the COD removal efficiency dropped
from 80.87 £ 6.75% to 76.11 £ 3.50%. A similar trend was
observed in stage IV, where the HLR further increased to
0.425 m/d (HRT reduced to 1.18 days), and the COD removal
rate decreased to 74.32 £+ 3.60%. In system B, a decrease in
COD removal performance was noted in stage III, where the
efficiency dropped to 78.14 £ 2.44%, despite the influent
COD concentration being similar to stage II. This reduction is
likely due to the increased HLR in stage IIT (0.283 m/d). The
trend continued in stage IV, where the HLR increased to
0.425 m/d, decreasing efficiency to 74.32 £ 3.60%. These
results suggest that as HLR increases, COD removal effi-
ciency decreases, consistent with findings reported by Reh-
man et al. (2019).

The ANOVA analysis results show that HLR signifi-
cantly affects COD removal efficiency (p = 0.008 in system
A and p = 0.002 in system B). While significant changes in
HLR, such as from 0.142 to 0.425 m/d, had a notable
impact on COD removal rates (p < 0.05), more minor
changes in HLR (from 0.142 to 0.283 m/d and from 0.283
to 0.425 m/d) did not significantly affect COD removal
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FIG. 5. Chemical oxygen demand (COD) concentration, removal rate, and organic loading rate (OLR) across different
stages in system B (upflow anaerobic filter operated with raw sewage).

rates (p > 0.05). Some studies have also reported that HLR
did not significantly increase COD removal rates. For
instance, Perez-Mercado et al. (2018) reported COD
removal ranging from 94% to 99% at both tested HLRs
(0.034 and 0.2 m/d). Similarly, Dalahmeh et al. (2019b)
found that changing the HLR from 0.023 to 0.039 m/d did
not affect COD reduction, with overall efficiency remaining
between 90% and 93% across different HLRs (p > 0.05).

Discussion

Figures 4-6 show that the UAF system achieved high
COD removal efficiency from the start, exceeding 85.62% in
system A and 84.90% in system B within the first 12 days.
During this period, the removal efficiency peaked but subse-
quently decreased and became unstable for the remainder of
stage I. The biochar filter exhibited effective COD removal
from the start of the treatment process, primarily due to
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FIG. 6. Hydraulic loading rate (HLR) and chemical oxygen demand (COD) removal rates across different stages in
system A (diluted wastewater) and system B (raw sewage) in upflow anaerobic filters.
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pollutant adsorption onto the biochar surface, as biofilm for-
mation had not yet occurred. In contrast, conventional bio-
logical filtration systems typically require 3—-60 days for
microorganisms to develop biofilms and achieve optimal
treatment efficiency (Dalahmeh, 2016). This was indicated
in the study by Dalahmeh et al. (2019a), where the biochar
filter achieved higher COD removal efficiency in the early
stages compared with the sand filter. It was attributed to the
larger surface area of biochar (184 m?/g) compared with the
significantly lower surface area of sand (0.153 m?/g), which
enhanced adsorption performance in the biochar filter. Stud-
ies confirm that biochar filters eliminate the need for pro-
longed warm-up periods, maintaining effective treatment
from the start (Dalahmeh, 2016; Kaetzl et al., 2019; Song
et al., 2024). In our current study, the COD removal effi-
ciency on the 28th day of operation fell to its lowest point
before rising again. This pattern is similar to findings from
Kaetzl et al. (2020), where the COD removal efficiency of
the biochar filter dropped from over 80% to 50% after
3 weeks. This decline was attributed to a decrease in the
adsorption capacity of biochar, along with the release of
excess biomass and degradation of organic particles. By the
end of the experiment, COD removal efficiency increased
and stabilized within the range of 65-75%, indicating a shift
to biological decomposition as the primary removal mecha-
nism. This improvement resulted from enhanced microbial
activity within the biofilm, facilitating organic matter break-
down. Several studies have reported similar observations in
biochar filter systems. SEM analysis at a depth of 10 cm con-
firmed extensive biofilm development, with the biofilm fully
covering the filter material, including the porous structures
of the biochar (Kaetzl et al., 2020). Adding biochar pro-
moted biofilm formation and increased microbial community
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diversity, enhancing organic matter decomposition (Bui
et al., 2024). The critical role of biofilms in COD removal
has been demonstrated in previous studies. For example,
Dalahmeh et al. (2018) demonstrated the crucial role of bio-
films, as the COD removal efficiency in biochar-inactive-
biofilm filters (61 £ 14%) was significantly lower (p < 0.05)
compared with biochar-active-biofilm and sand-active-
biofilm filters, which achieved an average COD removal rate
of 94 + 4%. This comparison highlights that biofilm activity
is essential for maintaining stable and efficient COD removal.

The mean COD treatment performance during the stages
was 77.93 + 5.44% for system A and 78.22 + 5.05% for sys-
tem B. System A operated under HLR conditions ranging
from 0.142 to 0.425 m/d (average 0.260 £ 0.108 m/d) and
OLR conditions ranging from 44.72 to 357.75 g COD/(m" d)
(average 166.37 +95.39 ¢ COD/[m’ d]). System B operated
under HLR conditions ranging from 0.142 to 0.425 m/d
(average 0.229 £ 0.117 m/d) and OLR conditions ranging
from 44.72 to 723.94 ¢ COD/(rn3 d) (average 291.29 =+
229.03 g COD/[m? d]). This performance surpasses that
reported by Kaetzl et al. (2020) for Miscanthus-biochar
anaerobic filters, which achieved a 74 + 18% COD reduction
in municipal wastewater but under higher OLR (509 g COD/
[m® d]) and HLR (1.2 m/d) (Table 3). Dalahmeh (2016)
observed over 90% COD removal with hardwood and wil-
low biochar filters, though at lower HLR (0.034-0.199 m/d)
and OLR (5-70 g BODS/[m2 d]). Similarly, Perez-Mercado
et al. (2018) reported COD removal of 94-99% in willow
and pine-spruce biochar-based systems, also under lower
HLR (0.031-0.199 m/d) and OLR (5-20 g BODs/[m*-d]).
Further, the COD reduction in digested swine wastewater
reached 80.27% with the bamboo biochar filter column (Xin
etal., 2021).

TABLE 3. THE EFFECTIVENESS OF COD (CHEMICAL OXYGEN DEMAND) REMOVAL BY BIOCHAR FILTERS
IN VARIOUS STUDIES

Type of HLR OLR Efficiency of
Source of biomass Type of ww configuration  (md~') (g CODm=3d~') COD (%) Ref.
Pine-spruce, willow Domestic SBF 0.034 20+ 5% 9499 (Perez-Mercado
et al., 2018)
Rice husk Municipal ww SBF 1.2 63+ 16 52 (Kaetzl et al.,
2019)
Mango peels Real domestic MMBF 0.24-0.319 — 97 (Majumder and
Das, 2022)
Miscanthus grass ~ Real municipal ww SBF 1.2 509+ 173 74 (Kaetzl et al.,
2020)
Birch, aspen, and Ww from septic tank MMBF 0.041 — >60% (Kholoma et al.,
alder wood chips 2020)
Coconut shells Real textile SBF 10.08 — BOD: 57.5 (Jayabalakrishnan
dyeing ww COD: 86.8 et al., 2024)
Mixture of pine and Real domestic ww SBF 0.023 — 90-93 (Dalahmeh et al.,
spruce wood 0.031 2019b)
biomass 0.038
Soft woods Real municipal ww SBF 1.2 252 87 (Kaetzl et al.,
2018)
Pine pellets Ww from anaerobic SBF 0.168 380 56 (Forbis-Stokes
digestion effluent et al., 2018)
Bamboo biomass Digested swine ww SBF — — 80.27 (Xinetal., 2021)

49 COD/(m* d).

MMBF, multimedia biochar filter; Ref, reference; SBF, single biochar filter; ww, wastewater.
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The results indicated that system B achieved a slightly
higher average COD removal efficiency (78.22 + 5.05%)
than system A (77.93 = 5.44%) despite operating under a
higher OLR with undiluted COD concentrations. ANOVA
analysis confirmed that OLR and HLR significantly influ-
ence COD treatment efficiency. Generally, higher OLR
improved efficiency, as observed in system A, where
increasing the OLR from stage II to stage III boosted COD
removal. This improvement is attributed to enhanced biofilm
growth and microbial activity, with a thicker biofilm layer
increasing water retention and extending contact time for
microbial degradation (Kaetzl et al., 2020). However, in sys-
tem B, COD removal efficiency decreased when the OLR
increased from stage II to stages III and IV, likely due to bio-
char adsorption site saturation and reduced efficiency (Dong
et al., 2023). Excessive biofilm growth may also cause clog-
ging and reduce efficiency through biofilm sloughing
(Dalahmeh, 2016). In system B, both HLR and OLR
increased simultaneously from stage II to stages III and IV.
A higher HLR reduces treatment efficiency by shortening
wastewater contact time and potentially washing out trapped
organic matter and biofilm (Dalahmeh et al., 2014). Con-
versely, lower HLR (longer HRT) improved organic matter
removal by extending contact time (Perez-Mercado et al.,
2018).

Balanced OLR and HLR are essential for optimizing
wastewater treatment efficiency while considering construc-
tion and operational costs. Finding the optimal values by
evaluating their impact on processing efficiency can ensure
high performance and economic feasibility, as high HLR
reduces the system’s volume, making it more cost-effective.
In contrast, low HLR demands more space, which may be a
constraint in area-limited regions (Kaetzl et al., 2020). In our
study, operating with undiluted influent wastewater and an
HLR of 0.142 m/d provided the highest treatment efficiency.
As the HLR increased to 0.283 and 0.425 m/d, efficiency
declined. On average, the COD concentration of pig farm
wastewater in system B was 166 mg/L (185 mg/L under
optimal conditions). While it meets livestock wastewater dis-
charge standards (<300 mg/L for nondomestic water use,
QCVN 62-MT:2016/BTNMT; MONRE, 2016), it exceeds
the stricter limits for domestic discharges (50—110 mg/L for
urban and concentrated residential areas, QCVN 14:2025/
BTNMT; MONRE, 2025). These systems help pig farmers
meet legal requirements, but additional posttreatment may
be needed for discharge into waters with higher quality
standards.

Swine wastewater differs from other livestock wastewater
due to its higher concentrations of COD, ammonium, and
phosphorus, as well as the presence of antibiotics, which can
alter microbial activity and biofilm development (Massé
et al., 2000; Zhao et al., 2020). Its higher organic load can
lead to faster biochar saturation, reducing adsorption effi-
ciency and increasing reliance on biodegradation. Addition-
ally, excessive nitrogen may affect nitrification efficiency
and microbial stability (Dong et al., 2023). These factors
underscore the importance of optimizing loading rates and
retention times in biochar filter systems to maintain effective
treatment. Future studies should further explore microbial
adaptations to different livestock wastewater compositions.
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Conclusion

This study highlights the novel application of biochar-
based UAF for treating pig farm wastewater, specifically
using biochar from an invasive plant. System B, operating
under higher OLR and HLR, achieved slightly better COD
removal than system A, demonstrating that increased OLR
can enhance biofilm growth, while elevated HLR may
reduce efficiency due to shorter contact times. Both systems
maintained effluent quality within regulatory standards,
underscoring the importance of balancing OLR and HLR for
cost-efficient performance. The research fills knowledge
gaps by assessing M. pigra biochar performance under vary-
ing loading rates, highlighting its potential for resource-
limited settings. The findings offer practical implications for
small-scale farms and decentralized wastewater manage-
ment. Biochar was produced at 600°C to optimize surface
area and pollutant adsorption, which may increase energy
costs compared with typical materials. However, using freely
available locally sourced M. pigra helps offset production
expenses. To enhance economic viability, further research
on pyrolysis temperatures is needed to balance energy effi-
ciency and treatment performance, along with studies on
operational parameters and pollutant removal to improve
wastewater reuse potential.
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