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Efficient removal of organic matter and nitrogen from municipal wastewater in
multi-module biochar filters for onsite wastewater treatment
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ABSTRACT ARTICLE HISTORY
Biochar is a promising material for wastewater treatment. This study assessed multi-module Received 29 February 2024
biochar filters (MmBFs) as onsite wastewater treatment systems (OWTSs), comprising movable Accepted 29 August 2024
modules filled with biochar to remove chemical oxygen demand (COD), nitrogen, phosphorus,

and Escherichia coli (E. coli) in wastewater. The MmBF treats wastewater sequentially through six Bi X .

. . e P . iochar; multi-module

modules: three aerobic modules (M1-M3) for organic matter oxidation and nitrification, two biochar filter: onsite
anoxic modules (M4-M5) for denitrification, and an additional module (M6) for the removal of \yastewater treatment;
faecal bacteria using biochar and bark. The experiments ran for 381 days using three identical organic matter; nitrogen
MmBF pilots with two distinct sampling periods, conducted under conditions relevant to OWTSs
using municipal wastewater as influent. Water samples were taken from the influent, final
effluent, and effluent of each module to evaluate the removal efficiency of organic matter,
nitrogen, phosphorus, and E. coli. During the second sampling period, the results showed a 95
+2.1% removal of COD, along with a substantial removal of total inorganic nitrogen (71 + 6.6%).
However, phosphate removal was limited (3.4 +30.4%). E. coli removal decreased from 2.63 +
0.93 log;o removal in the first sampling period to 1.8+0.73 log,, removal in the second
sampling period. In summary, the MmBFs showed promising potential in treating organic
matter, nitrogen, and E. coli, making it an alternative option for OWTS. However, further
exploration is needed to assess long-term performance, micropollutant removal, and biological
activities. Design enhancements, especially for phosphorus removal are necessary.
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1. Introduction anthropogenic net load of nitrogen (200 tons) and

phosphorus (2,010 tons) from Swedish small-scale treat-
ment systems to the surrounding sea basin accounted
for 4% and 13% of the total anthropogenic load,
respectively. In comparison, large-scale wastewater
treatment plants contributed 28% and 15% [4]. This
indicates that, even though fewer people use OWTSs,
soil conditions [1, 2]. A study by Kinnunen et al. exam-  thejr nutrient leaching still poses a significant threat
ined the effluent quality from 395 OWTSs in Sweden o the ecological health of the surrounding sea. In
and Finland, revealing that 25% of Swedish systems  addition, it is estimated that around 40,000 people
had phosphorus levels and 10% had nitrogen levels have unsafe drinking water wells near OWTSs due to
that exceeded regulated limits [3]. In 2017, the high levels of Escherichia coli (E. coli) [5]. OWTSs have

Wastewater discharge from onsite wastewater treat-
ment systems (OWTSs) is a substantial contributor to
the pollution of many inland aquatic systems worldwide
due to insufficient treatment and poor performance
resulting from aging, malfunctioning, or inappropriate
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also been identified as significant sources of hazardous
micro-pollutants such as pharmaceuticals and polyfl-
uorinated alkyl substances [6].

The basic mechanism of traditional OWTSs involves a
septic tank connected to a secondary treatment system.
The secondary treatment system could be buried sand
filters or soil infiltration systems that utilise the natural
biological activity in the soil to treat wastewater [7].
Septic tank effluent is delivered by trench pipes to the
sand filters or infiltration field. In these fields, biofilm
formation, biodegradation, adsorption and precipitation
aid in removing nitrogen and phosphorus [8]. However,
the effectiveness of these systems is highly variable,
often hindered by soil clogging issues [9]. Soil clogging
in OWTS is primarily due to the accumulation of solids,
biomat formation, and inadequate percolation, which
restrict effluent dispersal and leads to system failure
[9]. This challenge in OWTSs creates a demand for
alternative filtration media that can maintain effective
treatment capacity without the drawbacks of soil-
based systems.

Biochar, a carbon-rich product derived from the
thermal conversion of biomass, has gained significant
attention as a potential alternative filtration medium for
OWTS due to its high porosity, large specific surface area,
and inherent ability to provide favourable environment
for biofilm development essential for the biodegradation
of organic pollutants. Furthermore, biochar has the poten-
tial to mitigate climate change impacts and promote circu-
lar economies by sequestrating carbon [10-12]. Moreover,
the various chemical functional groups of biochar surfaces
(e.g. hydroxyl, carboxyl, sulphonic acid group and amino
functional groups) promote the adhesion of microorgan-
isms on the surface of biochar [13, 14]. Surface adsorption
onto biochar was reported as a predominant process for
removing non-polar ions such as ammonium, phosphate,
heavy metals, and pharmaceuticals [15]. Various factors
including feedstock of biochar, pH, contact time, and the
initial concentration of the pollutants influence the
adsorption mechanisms [15].

Enaime et al. discussed the application of biochar for
wastewater treatment, where it has several usages, such
as support media during anaerobic digestion, filtration,
and catalytic ozonation process [16]. Kaetzl et al.
reported that, as a filtration support media, biochar
had higher removal efficiency than sand with regard to
chemical oxygen demand (COD) and E. coli in anaerobic
biofilters [17]. Liang et al. tested a set of constructed
wetlands under different ratios of biochar addition
(0%, 10%, 20% and 30%) and found higher ammonium
removal with increased biochar addition due to
changes in the microbial community [18]. In addition,
biochar could be used as a fertiliser after its use as a

wastewater filtration medium [19, 20]. However, there
is still limited research on the optimum design of
biochar systems and their testing in pilot-scale exper-
iments. Assayed et al. provided a new design of sand
filter (Drawer Compacted Sand Filter; DCSF) which had
several layers of sand placed in a movable drawer [21].
It showed high performance with 90% removal of
organic matter, and the efficient design helped save
space and provided easier maintenance for OWTSs
[21]. The Multi-Soil-Layering (MSL) system, which has
been under study since the nineteenth century, rep-
resents an advancement in soil infiltration technology
designed to enhance permeability and treatment
efficacy [22]. These systems employ layered configur-
ations of soil mixture units and permeable layers of
gravel or zeolite to create structured pathways that
facilitate both aerobic and anoxic conditions. Previous
studies focused on either horizontal flow MSL or vertical
flow MSL. A recent study using a hybrid MSL system
demonstrated significant removal of organic matter
(79% COD removal), total nitrogen (27%), and phos-
phorus (76%), meeting regulations for reuse in non-
potable water applications [23]. The positive outcomes
of MSL systems and DCSF in improving infiltration and
treatment have set a foundational premise for integrat-
ing layering structures into biochar-based pilot systems.

We developed the Multi-module Biochar Filter
(MmBF) system to be operated after the sedimentation
tank for onsite wastewater treatment. The MmBF
system is a cabinet composed of movable drawers
(modules) filled with biochar (Figure 1) at either
aerobic or anoxic modules with aerobic conditions that
have unsaturated downflow. The anoxic modules have
saturated horizontal flow with low access to oxygen, to
promote denitrification. The MmBF requires smaller
space than soil-infiltration systems due to the compact
design. Having removable modules facilitates the repla-
cement of the biochar media when needed. It allows
flexibility for adjusting the level of treatment according
to wastewater quality and end-use of the treated waste-
water. The advantage of this setup is that the system can
be designed to achieve a certain quality of effluent water
that makes it suitable for specific use. The main goal of
this study was to investigate the performance of the
MmBFs in removing different types of pollutants from
wastewater. The specific objectives were to (i) present
and describe the treatment components of the MmBF
system, (ii) understand the hydraulic behaviour of the
MmBF system, and (iii) explore the treatment efficiency
of the MmBF system concerning the removal of
organic matter, nitrogen, phosphorous, and E. coli from
the wastewater. We hypothesise that the composition
and surface properties of the biochar would provide a
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Figure 1. Schematic diagram of multi-module biochar filter (side view) with the contents and aim of each module (D: 20 cm W: 36 cm
L: 56 cm). The points 1-3 denoted with *, are the points used for measuring electric conductivity (used for the hydraulic residence time
calculation described in section 2.2). The dashed line in modules M1-M2 denotes the effluent openings/holes at the bottom of the
modules. The vertical tubes with holes in them in M3 are used to force aeration of the module to improve nitrification.

high adsorption capacity and a favourable environment
for microbial activity so that the MmBFs would remove
organic matter (COD), nitrogen (Tot-N, NH4-N, NOs-N),
phosphorous, and E. coli in the sequential treatment
process with aerobic and anaerobic conditions.

2. Materials and methods

2.1. Description of Multi-module Biochar filter
system (MmBF)

Three identical MmBFs composed of six modules were con-
structed, and each module was built from polyvinyl chloride
plastic boxes (36 X 56 x 20 cm; surface area 0.20 m?).
Modules M1 to M5 were filled with biochar (see Table 1),
while M6 was filled with a layer of pine bark topped with
biochar. The bark enhances bacterial die-off due to
tannins released from the bark [24]. The height of the
media layer in each module was 15-17 ¢cm. The biochar
was commercially produced by Vindelkol AB (Ume3,
Sweden) at 500°C for 8-14 hours, from hardwood. The
bark was purchased from Plantagen Sverige AB (Uppsala,
Sweden).

2.2. Determination of physical and hydraulic
properties of biochar

The particle density (ps), bulk density (pp), and porosity
(f) of solids were determined [25]. Calculations of the
Ps P, and f are described in section 2 of the supporting

information (SI). The morphology of the biochar was
analysed by a Zeiss Supra 35-VP (Carl Zeiss SMT, Oberko-
chen, Germany) field emission scanning electron micro-
scope (SEM), equipped with a STEM detector for
transmission microscopy and a Robinson BSD for back-
scatter detection. The EDAX Apex 4 (Amtekh, Mahwah
USA) EDS-detector analysed the element composition
for X-ray microanalysis. Element composition of the
biochar surface was also analysed by Portable X-ray Flu-
orescence (pXRF) Spectrometry with a Bruker Tracer 5i
XRF spectrometer (Bruker, Germany). The measured par-
ticle density (p;) of the biochar was 0.45-0.78 g cm3. The
mean (standard deviation) pore volume and porosity of
modules 1-5 containing biochar were 25791 (1516) cm?
and 80 (0.05) %, respectively. The elemental composition
of the biochar, as determined by EDS was 86.1% C, 13.2%
O, 0.2% K, and 0.4% Ca. SEM images are provided in
Figure S1. The element composition measured >0.1%
by portable XRF analysis was 0.5% Al,Os, 0.1% SiO,,
0.2% K50, 0.9% Ca, 0.1% Mn, 0.1% Zn (Table S2).

The hydraulic residence time (HRT) of the system was
determined through a tracer test conducted in MmBF 1
(Figure 2), based on the residence time distribution E(t)
and cumulative residence time distribution F(t) of the
tracer test data. Further information on the tracer test
and the calculation of E(t) and F(t) can be found in S1 of
SI. The electrical conductivity was measured at three
specific sampling points (see the star symbol **' in locations
1-3in Figure 1). Point 1 was located at M3 and allowed for
the determination of the HRT in the organic matter
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Table 1. Description of biochar properties, operation condition, type of pollutants to remove, and treatment process in each module

of the multi-module biochar filter system.

Bulk Organic
Particle density loading rate cob/ Expected treatment
Type of size Mean £ SD Porosity [gCOD m™2  Inorganic N Aeration process and target
Module material [mm] kg m~3] [cm® cm ™3] Mode of flow d'r ratio® condition pollutants
1 (Top) Biochar 8-14 111 +1 0.75 Downflow, 36 16.4 Aerobic Sedimentation and
unsaturated biodegradation of
solids and organic
matter
2 Biochar 1.5-5 117 +1 0.85 Downflow, 23 9.2 Aerobic Oxidation of organic
unsaturated matter, Nitrification
of ammonium
3 Biochar 1.5-5 116 +1 0.85 Downflow, 1 6.1 Aerobic® Nitrification of
unsaturated ammonium
4 Biochar 8-14 102+0 0.78 Horizontal 52 6.4 Anoxic? Denitrification of
flow, nitrate
saturated
5 Biochar 8-14 1000 0.78 Horizontal 24 53 Anoxic? Denitrification of
flow, nitrate
saturated
6 (Bottom)  Biochar 8-14 546 0.78 (biochar)/ Downflow, 1.9 49 Aerobic Inactivation of faecal
+ Bark 0.32 (bark)® unsaturated bacteria

Organic loading rate of period 2. See section 2.3 for further information on period 1.

PCOD/Inorganic N was calculated from module specific data measured in period 2 (Table S5).

“The aeration in M3 was promoted by inserting three perforated pipes placed vertically through the filter media.

To limit the oxygen access and achieve anoxic condition needed for denitrification, M4 and M5 modules were covered with lids to tightly close the modules.

The porosity in the 6th module was calculated separately for biochar and bark.

oxidation and nitrification unit (M1-M3). Point 2, situated at
the effluent of M5, enabled the determination of the HRT in
both the nitrification and denitrification units (M1-M5).
Point 3, located at the effluent of M6, facilitated the deter-
mination of the HRT of the entire system (M1-M6). For the
calculation of the theoretical HRT from M4 to M5, the pore
water volume was divided by the flow rate.

2.3. Wastewater flows and distribution system

Three identical MmBFs were deployed at the Uppsala
wastewater treatment plant (Kungsangsverket) for the
purpose of accessing real wastewater. The MmBFs
received wastewater through intermittent dosing, with a
total of five doses of 2 L each, administered every day
between 8 AM and 12 PM. Each dose was delivered once
per hour, with a duration of 15 minutes, using a set of peri-
staltic pumps (ALPO9N, Albin Pump, France). Prior to the
MmBFs, the raw wastewater underwent primary screening
at the wastewater treatment plant, followed by the sub-
sequent steps outlined below. (i) The wastewater was con-
tinuously pumped from the subterranean wastewater flow
of the plant to a dosing tank (Figure 2). This dosing tank
served the purpose of facilitating convenient access to
the incoming raw wastewater. (ii) From the dosing tank,
a peristaltic pump (Watson Marlow Peristaltic pump
5208, Fisher Scientific, Sweden) transferred 40 L of waste-
water to the sedimentation tank once daily. The waste-
water remained in the sedimentation tank for a duration

of 16.5 hours. (iii) Following the sedimentation process,
the wastewater was conveyed to each MmBF through a
2 L reservoir. The wastewater from the reservoir was
pumped to the top module of each replicated system
and then flowed downwards to the lower modules by
gravity. The daily flow rate amounted to 10 L per day,
resulting in a hydraulic loading rate (HLR) of 50 L m™2
d~". Itis worth noting that this HLR aligns with the conven-
tional sand filters for OWTSs [26]. The organic loading rate
(OLR) applied to the top module was 12 gCOD m? d™ " in
period 1 and 36 gCOD m? d™' in period 2. Information
on periods 1 and 2 is presented in the next section.

2.4. Filter operation, sample collection and
analyses

The multi-module system was operated continuously
starting from 25th January 2021. The pollutant removal
in the multi-module systems was investigated during
two separate sampling periods. The first period was
from 1st February (day 1) until 7th April 2021 (day 66)
as the initial trial period [27]. The second period was
from 27th October 2021 (day 269) until 16th February
2022 (day 381) for assessment of long-term perform-
ance. The influent water sample from the sedimentation
tank (Figure 2) and the effluent water sample from outlet
M6 were collected once every week. Additional water
samples from each module of M1-M6 were collected
once every four weeks. The samples were analysed for
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Figure 2. Schematic diagram of the experimental setup of the multi-module biochar filters (MmBFs), including the wastewater dis-

tribution system. Pump positions are indicated by letter P.

the following parameters: pH, total suspended solids
(TSS), total volatile solids (TVS), chemical oxygen
demand (COD), ammonium (NH4-N), nitrate (NOs-N),
nitrite (NO,-N), total nitrogen (Tot-N), phosphate (PO,-
P), total phosphorus (Tot-P), and E. coli. Tot-N was not
measured during sampling period 2.

2.5. Methods of chemical and microbiological
analyses

The pH was measured using a pH meter (AE150 pH
Benchtop Meter, Fisher Scientific). TSS and TVS of the
water samples were determined according to the
methods 2540 D and 2540 E of the Standard Method
for the Examination of Water and Wastewater [28]. The
concentrations of COD, NH,4-N, NOs3-N, NO,-N, Tot-N,
PO,-P, and Tot-P were determined for the influent and
effluents by using the Spectroquant® test kits for COD
(detection range 100-1500 mg L™" and 10-150 mg L',
respectively), NH4-N (detection range =2.0-150 mg-N
L™"), NOs-N (detection range = 0.1-25.0 mg-N L™"), NO>-
N (detection range = 0.007-3.28 mg-N L™", Tot-N (detec-
tion range = 0.1-25.0 mg-N L™' as measured with NO5-N
kit after the digestion), PO4-P (detection range =0.01-
5.0 mg-P L™, and Tot-P (detection range =0.01-
5.0 mg-P L' as measured with NO5-N kit after the diges-
tion), respectively (Merck KGaA, Darmstadt, Germany),
followed by colorimetric analysis using a Nova 60 photo-
meter (Merck KGaA, Darmstadt, Germany). The kit infor-

mation is provided in Table S1. The analytical quality
was tested using blank samples and control standard sol-
utions of known substance concentrations for every
measurement series. Data values below the method
detection limit are presented as a value at the detection
limit. To analyse E. coli, the water sample was diluted
10-10* times in phosphate-buffered saline solution
with the detergent Tween®20 (SVA, Sweden). A 100 L
sample of each dilution was added to Petri dishes of Chro-
mocult agar (Miclev, Sweden). The E. coli plates were incu-
bated at 37°C for 24 h. Colonies were enumerated after
incubation up to 200 colony-forming units (CFU) mL™".
Counts above 200 were considered too numerous to
count due to the difficulty of identifying individual
colony-forming units.

Removal efficiency (%) was calculated from the
influent concentration and effluent concentration
using Equation 1 where G, is the influent concen-
tration and C, is the effluent concentration. The
removal rate was calculated using Equation 2 where
HLR is 50 L m~2 d—". The removal rate per HRT cycle
of functional unit (M1-M3, M4-5, M6; g m~2) was calcu-
lated by multiplying each functional unit’s HRT to the
whole removal rate.

Removal efficiency (%) = (1 - CCO‘") x 100 (1)

in

Removal rate (g m™2 day™") = (Cin — Cou) X HLR  (2)
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2.6. Statistical analyses

An analysis of one-way ANOVA followed by Tukey’s mul-
tiple comparisons test at a 95% confidence level was
employed to assess variations in effluent concentrations
among the three MmBFs for each analysed pollutant. In
addition, a comparison of mean concentrations during
sampling periods 1 and 2 was carried out using unpaired
T-tests (two-tailed, 95% confidence level) for each pollu-
tant’s concentration in both the influent and effluent of
each MmBF. To ensure the validity of these tests, several
assumptions such as normal data distribution and equal
variance were visually inspected through quantile-quan-
tile plots, homoscedasticity plots, and residual plots. All
statistical analyses were conducted using GraphPad
Prism version 9.1.0 for Windows (GraphPad Software,
San Diego, California, USA).

3. Results and discussion
3.1 Hydraulic residence time

The average HRT calculated by using the residence time
distribution E(t) was: 168 h for M1-M3, 189 h for M1-M5,
and 324 h for M1-M6 (Figure 3). The resulting average
HRT for each functional unit was 168 h for the organic
matter oxidation and nitrification unit (M1-M3), 21 h
for the denitrification unit (M4-M5), and 135 h for the
bacteria purification unit in M6. The theoretical resi-
dence time in total for M4 and M5 (saturated modules)

MI1-M3

0.010

MI1-M5

was 152 h which is much longer than the measured
HRT of 21 h. This suggests that water may have followed
a preferential flow path near the surface of the biochar,
and not through the bulk of the media.

3.2 General water quality and removal of organic
matter

The pH in the MmMBF system was stable (7-8) during the
whole experiment period and there was no observation
of significant pH change between the influent and
effluent (Table S3). The mean electrical conductivity
was 1.12 ms cm™" in the influent and 0.88 ms cm™ in
the effluent. The slight removal in electrical conductivity
in the MmBF is likely due to biochar’s adsorption and ion
exchange capabilities, retention of particulate matter,
and microbial activity, all of which reduce the concen-
tration of dissolved ions.

The reported BOD concentration in septic tank
effluent in Sweden varies significantly, ranging from
1.1 to 950 mg L™' depending on the facility [29, 30],
and their mean concentration +standard deviation
(86.3+82.3 mg L™ s generally lower than the
influent COD concentration entering the MmBFs [30].
The mean concentration of COD + standard deviation
(SD) in the influent during period 1 was 239+71 mg
L™, which was significantly lower than that of period 2
(712+240 mg L™'; p<0.0001; Table S3), though the
influent COD concentrations in period 2 fluctuated

MI1-M6

(2)
0.008

0.006 H

0.004 |

E(t) (hour 1)

0.002

i

(b) _ (©)

llllmn -

0.000
1.00

(d) (e)
0.80 3

0.60

F(t)

040 -

0.20 H

0.00

0 200 400 600 800 1000 O 200
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400 600 800
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Figure 3. Residence time distribution E(t) and cumulative residence time distribution curve F(t) of the multi-module systems as
measured in filter 1. The operation was interrupted during 264-360 hours due to a technical problem. The zero values in figure b

and c indicate lack of data.
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Figure 4. Concentration of COD (@, O), nitrogen species (A, /\), phosphate (M, 00), and E. coli (¢, ) in influent (solid symbols)
and effluent (empty symbols) of the multi module biochar filter (MmBF). The nitrogen species include total nitrogen (A, /\), total
inorganic N (A, Z\), NH4-N (A), NO,-N (A\) and NO5-N (A\), with their respective colors represented in the figure as purple, orange,
green, blue, and light blue. MmBF 1, 2, and 3 are the identical replicates of the multi-module systems, all operated at a hydraulic
loading rate of 50 L m™ d—". The grey bar shows the gap between sampling periods 1 and 2. Tot-N was analysed only during
the sampling period 1, and NO,-N was analysed only during the sampling period 2, so the concentration of total inorganic N is
shown for sampling period 2 by summing up the concentration of NH4;-N, NOs-N, and NO,-N. The effluent concentration of NH,-N
is reported as detection limit (2 mg-N L™') when it was under the detection limit. Detailed information is reported in the Table S3

in SI.

between 528 and 1162 mg L (Figure 4). The low
influent COD concentrations during period 1 could be
attributed to the use of a test kit with a low detection
range of 10-150 mg L™". The COD concentration was
measured with a 3 mL sample in the test cell after
two-fold dilution. Since the distribution of TSS in the
sample may not have been homogeneous, COD concen-
trations may reflect the sample surface where samples
for dilution were obtained, but not the bulk solution.
The mean COD concentration in the effluents was
357+11.3 mg L' for the MmBFs 1-3 throughout
periods 1 and 2, with no statistical difference in the con-
centrations among the triplicate MmBFs nor the
sampling periods (p >0.05). The resulting mean COD
removal in period 1 was 83 £4% (removal rate of 9.9+
33 gm~2d™"). In contrast, for period 2, the mean COD
removal was 95 + 2% for MmBFs 1-3, corresponding to
a removal rate of 324+114 g m™2 d™' (Table S4).
According to the results of period 2, the top three
modules M1-M3 achieved most of the COD
removal as intended, accounting for 84% of the total
COD removal with a removal rate of 241.1 g m™2

per cycle for M1-M3. In contrast, module M6 contributed
minimally to the overall COD removal, with only 0.1 g
m~2 per cycle of M6 (Figure 5). It should be pointed
out that the OLR on M1, M2 and M3 (36, 23, and 11
gCOD m™2 d™ ! respectively) are considered sufficient
to sustain active biofilm in these modules. The TSS con-
centration measured in period 2 was 213+82mg L™ in
the influent and 25 +5.1 mg L=" in the effluents (Table
S3), resulting in a mean removal of 88 + 4% (Table S4).

The removal of COD is expected to be achieved
mainly through the mineralisation of organic matter in
the biofilm. A small fraction of the organic matter
could have been removed in the upper module by
adsorption during the initial period of operation, as
suggested by Khurshid et al. [31] The SEM picture of
used biochar in MmBFs showed the developed biofilm
on the biochar (Figure S1). The C/N/P ratio (COD/Inor-
ganic N/ Phosphate) in the influent of MmBFs was
712:36:4=178:9:1 in period 2 which is compatible to
the study of biological nutrient removal in sequencing
batch reactor (C/N/P=56:7:1) especially when it is
lower C/N/P ratio after the aerobic modules [32]. The
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COD removal reported in the current study was compar-
able to that reported in the study of Kaetzl et al. [17],
who tested municipal wastewater treatment with
anaerobic biofilters using biochar from Miscanthus
grass, resulting in 74+ 18% COD removal. Their filter
bed depth was 60 cm of 5 cm diameter column and
the HLR rate was 1250 L m~2 d~', which is about 25
times higher than the present study (50 L m™2 d™").
Kaetzl et al. [17] discussed their OLR being too high to
achieve sufficient operation time (366 + 126 gCOD m™2
d™") and the need for a lower HLR and a larger area of
the filter. The lower OLR in the present study likely
explains its more efficient COD removal. Perez-
Mercado et al. [33] also tested the column-type filter
with pine-spruce biochar with a comparably low load
(OLR of 20+5 g BODs m™2 d™' and HLR of 34 L m™
d™") and achieved over 90% COD removal.

3.3 Transformation of nitrogen species

The total nitrogen concentration in the influent in period
1 was 52+ 15 mg-N L™". Most of it was inorganic in the
form of NH,-N (51 + 18 mg-N L™"; Table S3). The influent
concentration of NH4-N showed a significant difference
between the sampling periods 1 and 2 (5118 mg-N
L' and 36 +12mg-N L™, respectively; p =0.0096). In-
house measurements at the treatment plant showed
higher Tot-N concentrations in period 2, indicating
potential variations in influent organic nitrogen
content (Table S6). The reported mean Tot-N concen-
tration in Swedish septic tank effluent is 45+ 30 mg-N
L™" [29] and is similar to the influent concentration
measured in our study.

Ammonium was consistently removed at nearly 100%
during sampling periods 1 and 2, with no difference in
the performance of the three replicates (p > 0.05;
Figure 4). Most of the ammonium was nitrified into
nitrite and nitrate in the upper aerated modules (see
Figure 5), but some biological assimilation into
biomass likely occurred. While previous studies have
reported the high adsorption capacity of biochar for
ammonium [15, 34], adsorption was likely minor in the
MmBF as most ammonium was converted to nitrate
(Figure 5). As for the performance of the different
modules in nitrogen transformation, the module-
specific sampling showed that 54% of the NH4-N was
removed in M1 to M2 in MmBF 1 and 88% was
removed in MmMBF 2 and 3, with corresponding increases
in NO,-N and NOs-N concentrations (Figure 5, Table S5).

Module M2 in MmBF 1 had a higher COD concen-
tration (Table S5), leading to a higher C/Inorganic N
ratio (11) than in the other two MmBFs that had a C/Inor-
ganic N ratio of 8. The higher ratio in M2 of MmBF 1 likely
resulted in a lower nitrification rate due to competition
for oxygen between nitrifying— and aerobic hetero-
trophic bacteria [35]. However, the long HRT (168 h) of
all the unsaturated upper modules (M1-3) was appar-
ently sufficient for efficient ammonium oxidation in all
three MmBFs (Figure 5).

More effective denitrification was achieved in period
2 (71 £ 7% removal of inorganic N) compared to period
1 (41 £18% removal of Tot-N; Table S4), leading to a
lower mean effluent concentration of NOs-N in period
2 (81+3.7mg-N L™") than that of period 1 (24.1+
7.0 mg-N L™"; Table S3; p < 0.0001). The improved deni-
trification could be due to the higher COD concentration
in period 2 (OLR=36 gCOD m~2 d™"), providing more

COD Inorganic N NH4-N NO,-N NO3-N PO4-P
Inflow ® —— A ye b
M1-{ @+ - i = P e |t - !
M2-—09 o e ey - A - it - i
M31O© - AW —A — HA — —AAA — T+
M4-D A -n e T ArAA . Ly
M5-0D i A - e — deter A ~ W
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Figure 5. Concentrations of COD (@, Q), Inorganic N (A, /\), NH.-N (A, /\), NOs-N (A, /\), NO,-N (A, /\), and PO,-P (m, O0) in
the influent (solid symbol) and in the water collected in the outlet of each module M1-M6 (empty symbols) The three data points and
error bars for each module show the mean concentrations and standard deviations of each module of three filters through the
sampling occasions (n =3 for Inorganic N, NH4-N, NOs-N, and NO,-N, n =4 for COD and PO4-P). The error bar is not shown if it is
shorter than the symbol size.



carbon for denitrification than what was available in
period 1 (OLR =12 gCOD m™2 d™"). The mean COD/Inor-
ganic N ratio of the wastewater from M3 to M4 across
three MmBFs in period 2 was 6 (Table 1) which was
lower than the several studies regarding sequencing
batch reactors [32, 36] that achieved higher nitrogen
removal with C/N ratio of 8-10. The efficiency of denitrifi-
cation in MmBF 2 in period 2 was lower than in the other
two MmBFs (Table S4), as NOs-N in the effluent of MmBF
2 (13.3 mg-N L") was significantly higher than that of
MmBF 1 (3.8mg-N L™'; p<0.0001) and MmBF 3
(7.1 mg-N L™"; Table S3; p =0.0009). The lower denitrifi-
cation efficiency in MmBF 2 (39 + 6%, Table S4) could
partly be caused by a lower influent concentration of
COD to M4 (92 mg L~", Table S5). This resulted in a differ-
ence in the COD/Inorganic N ratio among three MmBFs
in the water entering M4, with a ratio of 3.9 in MmBF 2
compared to 7.2 and 7.1 in MmBF 1 and MmBF 3,
respectively (Table S5). All three MmBFs had similar
low effluent COD concentrations (35.7+11.3 mg L™"),
suggesting that the remaining COD was not bioavail-
able. Despite that M4 and M5 were designed to have
anoxic environments to promote denitrification, the
denitrification was mainly achieved in M4, and there
was no substantial decline in inorganic N concentrations
after M4 (Figure 5; Table S5). The heterotrophic bacteria
in M4 may have consumed most of the readily available
organic matter coming from M3 (OLR=5 gCOD m~2d™";
44-276 mgCOD L™, so denitrifiers in M5 were left short
of readily available organic carbon (influent to M5 con-
tained 40-55 mgCOD LN, limiting further denitrifica-
tion in M5.

The HRT of the denitrification unit (M4 and M5) was
21 h, while the theoretical HRT through M4 to M5 was
152 h. The relatively short HRT in the modules M4 and
M5 suggests that there was preferential flow in the satu-
rated modules. Denitrification could be enhanced by
preventing preferential flow and thus increasing
contact time with denitrifying bacteria. One possible sol-
ution could be adding baffles in M4 and M5.

It should be noted that there was no external
carbon source added to the denitrification module
(M4-M5) in our study. Zhou et al. [37] reported that
the adsorption-desorption of organics on biochar and
dissolved organic matter released from biochar were
the main contributing factors for denitrification. In
our study, the organic matter originating from the
wastewater or from the decaying bacteria was likely a
limiting factor for denitrification. Hence, nitrogen
removal could be increased by supplying external
carbon. In future studies, it would be interesting to
amend the biochar in M4 and M5 with nature-based
organic media such as bark, wood chips, sedge or
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even compost to allow a release of organic carbon in
M4 and M5. Hellman et al. [38] investigated how
different types of substrates, including bottle sedge,
barley straw, and pine woodchips, influenced microbial
activity and community composition in bioreactors for
nitrate removal in water at low temperatures (10°C).
Their result showed that the highest nitrate removal
rates were obtained in the reactors amended with
sedge and straw [38]. With an organic amendment, a
more efficient use of the entire filter, including M5,
may be possible. The performance of the three
MmBFs was reproducible when it came to organic
matter and ammonium removal, as evidenced by the
minor variations in effluent concentrations (Table S3),
and all had a steady pH of 7-8. However, denitrification
was indeed less reproducible (Table S4). A steady
supply of an organic substrate would possibly contrib-
ute to more stable denitrification with less variation
between the MmBFs.

3.4 Removal of phosphorus and E. coli

The incoming wastewater had a phosphate concen-
tration of 1.25+1.63mg-P L' during sampling
period 1 and 4.04+1.03mg-P L™' during sampling
period 2 which was significantly higher than period 1
(p <0.0001, Table 1). During period 1 sampling, the
influent had lower phosphate concentrations com-
pared to the effluent, particularly during the first 10
days (Figure 4). Higher effluent than influent concen-
trations were also observed during period 2 from
several samplings (Figure 5). The observed release of
phosphate from the filter could be attributed to that
the filters were previously tested for a short period at
a local household, and the restart of operation in
period 1 may have washed out desorbed phosphate
and sloughed biofilm. The low adsorption capacity of
phosphorus in MmBFs can be explained by the
element composition of the biochar used, which con-
sisted of 86.1% carbon, 13.2% oxygen, 0.24% potass-
ium, and 0.42% calcium, with only trace fractions of
other metals. The low metal content may have contrib-
uted to the low adsorption capacity since metals in
biochar materials promote chemical reactions that
facilitate the formation and adsorption of metal phos-
phate compounds onto the biochar surface [39, 40].
The MmBF design did not have a specific module tar-
geted for phosphorus removal, but it would be advisable
to include one module for phosphorus removal by
metal-promoted adsorption. Alternatively, the biochar
used in this study was commercially made of hardwood
such as oak or ash but it could be substituted with corn
cob biochar, which has been reported by Kizito et al. [41]
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to exhibit high adsorption capacities for phosphate,
measured at 3.3+0.6 mg-P per g of biochar. Vidal
et al. studied nine different OWTSs in Sweden regarding
phosphorus removal [42]. They reported Tot-P concen-
tration in the septic tank effluent in the range of 6-
29 mg-P L™, indicating that improving phosphorous
removal is indeed an important treatment goal [42].
Future studies could focus on improving the perform-
ance of the MmBF by exploring different filter materials
for phosphorus removal such as modified biochar or the
biochar made of different feedstock.

The mean effluent concentration of E. coli was 1.30
+0.49 log,oCFU mL™" during period 1 and 2.22 +0.61
log;oCFU mL™" during period 2 (Figure 4), with the
difference between the two periods not being signifi-
cant (p=0.0978). The removal efficiency between the
influent and the effluent was 2.3+0.9 log;o units
during period 1 and 1.8%0.7 log,o units during
period 2 (Table S4). Inactivation of bacteria was
planned to occur in the last module (M6), which utilises
a combination of biochar and bark. The bark serves as
a significant source of antibacterial phenolic com-
pounds known as tannins, which were expected to
deactivate bacteria upon reaching the final module as
suggested by Das et al. [43] and Kaczmarek [24]. In
addition to its chemical properties, biochar also pos-
sesses physical filtration capabilities due to the pres-
ence of micropores in the biochar (Figure S1). This
enables biochar to effectively retain bacteria through
physical removal. Hence, during the transport
through the MmBFs, E. coli may well have been
removed in the modules prior to M6. It is important
to acknowledge that the MmBFs exhibited a long
HRT across all modules (M1-M6), lasting 324 hours.
The longer HRT could extend the contact time with
the biochar and facilitate physical filtration and adsorp-
tion [44]. Previous studies utilising biochar in storm-
water biofilters have reported higher removal of
E. coli by biochar amended filters (2.32 log,o unit
removal) than by sand filters (0.29 log;o unit removal)
[45]. A prolonged operation of the system may

reduce the effectiveness of tannin, as indicated by a
slight increase in the effluent concentration of E. coli
during period 2 (Figure 4). However, with longer oper-
ation periods, a more developed biofilm may have
formed, making it challenging to determine if tannin
alone contributed to the removal of E. coli. It should
be noted that module-specific sampling for E. coli
was not conducted in this study. Therefore, it is
difficult to determine which module was primarily
responsible for E. coli removal in the MmBFs.

3.5 General discussion

The MmBF system is designed as a secondary treatment
unit in an OWTS. Thus, in a real onsite application, the
influent wastewater quality would be similar to septic
tank effluent, even though the pilot MmBF in this
study used municipal wastewater from a large-scale
treatment plant. The MmBFs operated for 381 days
without any signals of clogging or deterioration in
COD and nitrogen removal. The removal efficiency of
COD and nitrogen remained stable throughout period
2 with lower variability compared to period 1 (Table
S4). The long-term performance of the MmBF system
was very good when compared to other conventional
OWTSs (see Table 2) such as drawer compacted sand
filters (operational period 110 days, [211), multi-soil layer-
ing system (583 days, [23]), and sand filters (7days, [8]).
Furthermore, the MmBF system performed better than
the OWTS guidelines of the Swedish Environmental Pro-
tection Agency (EPA) (Table 2) for COD and nitrogen.
According to the Swedish Agency for Marine and
Water Management, the estimated daily wastewater
volume from individual water consumers is 170 L [46].
The configuration of the tested MmBF occupied an
area of approximately 4 m?, encompassing the filter tri-
plicates, pumps, and sedimentation tank. While design
specifics should be tailored to individual cases and
account for variables like resident count, HLR, and waste-
water characteristics, the present MmBF configuration
necessitates a filter surface area of 10-17 m? to

Table 2. Pollutant removal efficiency of MmBF and other OWTSs with the required efficiency by the Swedish EPA (%).

HLR (L m~2d7") cob Nitrogen Phosphorus E. coli Source
MmBF* 50 95 71 3 98.4 Present study
Swedish EPA requirement® - 20 (50) 70 (90) N/A [46]
Drawer Compacted Sand Filter 72 94 N/A N/A 99.9 [21]
Multi-Soil Layering® 250 79 27 76 99.9 [23]
Sand filter 270 82 N/A 65 N/A [8]
Sandfilter + P-filter*® N/A 99 N/A 9% 99.9 [47]
Package plant + coagulant°® N/A 96 N/A 78 96.8 [47]

AThe MmBF results are from period 2, nitrogen data is shown as inorganic N concentration and phosphorus data is shown as phosphate removal.

®The values in parentheses are for areas with sensitive land use.
The E. coli removal was converted from the reported 2.88 log; unit to %.

SEMonitoring studies of Swedish full-scale OWTSs used year-round, covering different seasons. COD column shows BOD reduction.



effectively manage daily loads from households of three
to five residents with the same HLR condition as in this
study (50 L m™2 d™"). There exists a compelling need
to assess the system’s performance under elevated
HLR and ascertain the system’s corresponding capacity
at the conditions applied in other studies (Table 2), in
order to provide insights into the scalability and adapta-
bility of the system. The MmBF system showed promis-
ing results in removing E. coli. However, to guarantee
long-term microbial quality and maintain high removal
efficiencies, periodic maintenance, media replacement,
and potential design optimisations are recommended
since period 2 had a lower E. coli removal than period 1.

Additionally, while the MmBFs are presented in this
study as systems for household wastewater including
summer houses or hostels in rural areas, there is also a
potential for utilising such systems in different settings.
For example, the systems could be installed in the base-
ment of multi-storey buildings and the treated water
could be recycled for irrigation. The various applications
of MmBF system would contribute to decentralisation,
resource recovery and mitigation of climate change
impact that are major goals for new development in the
urban and peri-urban areas of Sweden and other places.

4. Conclusions

The pilot-scale multi-module biochar filter (MmBF)
system which consists of six modules (M1-M6) for
onsite wastewater treatment was subjected to triplicate
testing using municipal wastewater. The MmBF systems
exhibited notable efficacy in the removal of organic
matter and E. coli, while nitrogen removal ranged from
40% to 80%. The results revealed that organic matter
degradation primarily occurred in modules M1-M2,
nitrogen removal through nitrification in M2-M3 and
denitrification in  M4-M5. However, phosphorus
removal was insufficient and the use of modified
biochar may be necessary in future studies. The
modular design of the MmBF system, with specific
objectives for each module, demonstrated that most of
the treatment occurred between M1 and M4. For
future work, it is recommended to investigate the
microbial community in each module, consider the
addition of an external carbon source to improve deni-
trification, perform module-specific analysis of E. coli
concentrations, and explore different configurations of
the MmBF system to enhance phosphorus removal.
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