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Abstract: Access to improved sanitation is often lacking in many low-income countries, and
approximately 90% of the sewage is discharged without treatment into receiving water bodies.
The aim of this study was the development and evaluation of an efficient low-cost wastewater
treatment system for developing countries. Biochar and woodchips, potential locally available and
inexpensive materials, were used for anaerobic wastewater filtration and their suitability evaluated
in comparison to gravel as a common reference material. Filters were fed with raw sewage from
a municipal full-scale wastewater treatment plant in Germany at 22 °C room temperature with a
hydraulic loading rate (HLR) of 0.05 m-h~!. This resulted in a mean organic loading rate (OLR) of
252 gCOD-m’3 -d~! and a mean organic surface load of 456 gCOD-m’Z-d’l. To determine the influence
of different filter materials, the removal efficiency of chemical oxygen demand (COD), total organic
carbon (TOC), turbidity, and faecal indicator bacteria (FIB) E. coli and enterococci were tested. It was
found that COD (up to 90%), TOC (up to 80%), FIB (up to 1.7 logjp-units), and turbidity (effluent
turbidity below 35 NTU) could be significantly reduced. The findings of this study demonstrate
the potential of anaerobic filters (AFs) for wastewater treatment in low-income countries to reduce
water pollution and comprehensively improve water quality. The performance of biochar filters
was significantly better over the entire experiment compared to woodchip and gravel filters with
respect to COD, TOC, turbidity, and FIB removal, indicating the superior properties of biochar for
wastewater treatment.

Keywords: biochar; anaerobic filter; anaerobic wastewater treatment; decentralised treatment;
low-cost sewage treatment; developing countries; COD; UV absorbance

1. Introduction

Insufficient access to sanitation and clean water is one of the most prevalent problems affecting
people worldwide [1]. Due to global population and economic growth, rapid urbanization, and climate
change, water scarcity is expected to increase in coming decades, particularly within developing
countries [2,3]. The situation is dramatically aggravated by the fact that approximately 2.4 billion
people still do not have access to improved sanitation, and approximately 90% of the sewage in
low-income countries is discharged without treatment into surface waters [4,5]. Irrigation accounts for
roughly 90% of total water consumption in many rapidly developing economies [6], and is seriously
compromised by the contamination of water bodies, which leads to widespread diseases in agriculture
products. Hence, there is urgent demand for the development and implementation of low-cost, simple,
compact, and efficient wastewater treatment systems for a sustainable reduction of water pollution.

Anaerobic filters (AFs) were first described in 1969 by Young and McCarty [7], and gained
importance as a technology for treating diverse industrial wastewaters [8]. However, to our knowledge,
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less research has been conducted concerning the anaerobic filtration of domestic wastewater. According
to the literature (Table Al), a chemical oxygen demand (COD) reduction of up to 90% could be
achieved by treating domestic sewage with AF [9,10]. Assuming a hydraulic loading rate (HLR) of
0.05 m3-m~2-h~! (which was used in the experiments here), AF requires notably less space than pond
systems or constructed wetlands [11] to achieve similar removal rates of chemical oxygen demand
(COD). This makes AF attractive for urban areas with restricted available space. In contrast to upflow
anaerobic sludge blanket (UASB) reactors, the construction, maintenance, and operation of AF is
much simpler, requiring only a tank and filling material. Moreover, different from trickling filters or
constructed wetlands, a thorough pre-treatment of raw sewage is not necessary. In the case of clogging,
AF can be easily backflushed. The physical filtration effect of filling materials in AF makes a washout of
sludge and particulate matter difficult, and improves effluent water quality [12]. With a removal rate of
faecal indicator bacteria (FIB) of approximately 90% (or 1 logjo-unit), AFs also eliminate a substantial
amount of pathogens and contribute to a safer water quality [13,14]. High removal efficiency of
suspended solids (SS) [9,13,15] and turbidity [16] allows a further purification of filter effluent.

Rocks or plastic support materials are commonly used as filter materials for AF (Table Al).
These materials might be impediments for the adoption of AF on a widespread scale in some
low-income countries due to high transportation or manufacturing costs [17]. Hence, alternative
low-cost filter materials with suitable properties, high specific surface area, low bulk densities, and local
availability might be attractive filling materials for AF. The applicability of different low-cost filling
materials for AF has been evaluated in several studies. AF with coconut shells achieved a mean COD
reduction of 65-73% in treating domestic wastewater [12,15]. With bamboo rings, an average COD
elimination between 60% and 80% could be obtained [18], while waste tyre AF removed on average
60% of the COD from domestic wastewater. A study with an aerobic biofilter system used agave fibre
as filter material and removed 62-80% COD from pre-settled domestic wastewater [19].

Prior investigations suggest woodchips and biochar as suitable for wastewater treatment. In a
study with woodchips as filter material for AF—a mean biological oxygen demand (BOD) elimination
of 78% to 83% was reported [20]. In studies with aerobic biofilter systems for municipal sewage
treatment, a mean COD reduction of 71% [21] and 78% [22] could be achieved using woodchips as
filter materials. Ahsan et al. obtained a COD reduction of up to 88 % by treating domestic wastewater
with biochar as filtration media [23]. In column experiments with biochar as packing material and
intermittent inflow of municipal raw sewage, an average COD reduction of 95% could be achieved [24].
In a previous study, we found an average COD reduction of 73% for biochar columns when treating
pre-settled raw wastewater with an anaerobic biofilter, which was significantly better than sand
columns (58%) [25]. In experiments with vertical constructed wetlands treating synthetic wastewater,
biochar-amended wetlands removed significantly more COD (up to 85%) than without biochar (up
to 68%) [26]. Due to its porous structure and high specific surface area [27,28], biochar might also
act as a low-cost sorbent potentially removing emergent contaminants [29,30]. Still, biochar and
woodchips were not thoroughly evaluated as filling material for domestic wastewater treatment with
AF (Table A1).

One remarkable advantage of biochar and woodchips is their capability of closing loops, since both
materials could further be used for combustion and energy production, or in the case of woodchips
as feedstock for biochar production [31]. Additionally, biochar can be produced locally from (waste)
biomass or agricultural residues [29,32,33], and might be used as soil amelioration after wastewater
treatment [34].

The main goals of this study were the investigation of biochar and woodchips as alternative filter
materials to gravel for the filtration of pre-settled raw wastewater under anaerobic conditions. For that
purpose, the focus of the experiment was on (1) the reduction of chemical oxygen demand (COD) and
total organic carbon (TOC) and (2) turbidity removal of raw sewage as a parameter for total suspended
solids (TSS), to estimate the suitability of AF as a potential pre-treatment for further water purification
with slow sand or bio-filters. Additionally, (3) the capability of these filter materials to eliminate FIB as
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a contributing factor to safer irrigation water production was evaluated, and (4) correlation analysis of
ultraviolet (UV) absorbance and COD concentration was conducted to allow for a rapid analysis of
organic matter removal efficiency.

2. Materials and Methods

2.1. Filter Materials

Three different filter materials were studied in this experiment. Gravel is a common filter material
for anaerobic filtration, and was used as a reference material. Quartz gravel was obtained from
Quarzwerke GmbH (Bottrop-Kirchhellen, Germany) in three different size fractions: 11-16 mm,
8-11 mm, and 5-8 mm. A commercial biochar (Schottdorf GmbH, Wallerstein, Germany) was chosen
for this experiment for reproducibility purposes, but biochar can be produced locally through simple
methods, as discussed elsewhere [33]. Biochar was produced by a large-scale gasifier at a temperature
of approximately 700 °C out of different soft woods with unknown composition. In the woodchip
filters, commercial spruce woodchips (Kompostwerke Olpe, Olpe, Germany) were used. Biochar and
woodchips were sieved through 5, 8, 11, and 16 mm screens to obtain similar grain fractions to those of
gravel. Before using, all materials were washed with tap water to remove fine particles.

Filter materials were characterized with respect to chemical composition, specific surface area, and
surface charge. For that, an elementary analysis of biochar and woodchips were conducted according to
DIN 51732 and DIN EN 14582, while the composition of quartz gravel was obtained from Quarzwerke
GmbH (Bottrop-Kirchhellen, Germany). It is expected that physical and chemical properties, such as the
carbon (C), oxygen (O), hydrogen (H), and nitrogen (IN) contents and ratios, have a strong influence on
adsorption behaviour [35]. Detailed information about the elemental composition of the biochar and
woodchips is provided in the supplementary materials (Tables S1 and S2).

Another parameter that can be used to estimate the sorption characteristics of a collector is the
surface charge. Zeta potential (ZP), which is related to particle surface charge [36], was measured
with a Malvern Zetasizer Nano ZS (Malvern, Herrenberg, Germany) at a pH of 6.0 for all three filter
materials. For that, all materials were ground to powder and the ZP of these particles was subsequently
measured (Tables S1 and S2).

To determine the surface area of biochar and woodchips, a BET (Brunner Emmet Teller) multipoint
adsorption isotherm with N; as adsorbent was prepared in a surface analyser at 77 K (Autosorb 6,
Quantachrome Instruments, Boynton Beach, FL, USA) according to DIN ISO 9277. The surface
area of quartz gravel was calculated according to Wichern et al. [37]. The mean ZP of gravel was
—28.4 £ 1.3 mV (variation range indicates standard deviation)—slightly more negative than that of
biochar (—20.8 £ 0.8 mV) and woodchips (—13.1 & 1.6 mV). As expected, the specific surface area of
biochar (1.11 x 108 m?-m~3) was significantly higher than that of woodchips (1.69 x 10° m?-m~2) and
gravel (<1.55 x 102 m?-m~2) (compare Table S1). Finally, scanning electron images of material surfaces
were taken with an LEO (Zeiss) 1530 Gemini field emission scanning electron microscope (FESEM;
Zeiss, Oberkochen, Germany) for comparison of surface structure and porosity (Figure 1).

2.2. Filter Design and Experimental Setup

The experimental setup consisted of nine glass filter columns with an inner diameter of 5 cm and
a total height of 180 cm each. Filters were designed as vertical upflow AF with three layers and were
covered with aluminium foil to prevent algal growth.

A 10-cm layer of gravel, with a grain size of 11-16 mm, was located at the bottom to achieve
uniform inlet conditions for all nine filters. Subsequently, three 50-cm layers of the same filter material
with decreasing grain sizes were added. In order to prevent floating of the light woodchips and biochar,
another 10-cm gravel layer with a particle size of 5-8 mm was added to all nine filters, followed by a
10-cm supernatant water layer (Figure 1).
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Figure 1. Schematic drawing of experimental setup. Pictures and scanning electron microscope (SEM)
images from used (a) biochar, (b) woodchips, and (c) gravel.

2.3. Operating Parameters

Initially, the filters were operated with tap water with a hydraulic loading rate (HLR) of 0.05 m-h !
for two weeks after their first filling. During this time, tracer experiments with sodium chloride (NaCl)
were conducted to determine the hydraulic retention time (see description below). Subsequently,
the filters were operated with municipal wastewater from the full-scale treatment plant Olbachtal
(Ruhrverband, Bochum, Germany). The effluent from the grit chamber was taken and sieved over a 200
um curved screen to separate particles and simulate a primary clarifier. This pre-treated wastewater
was stored in an opaque barrel, protected from light, and cooled to 4-6 °C (Lauda, Lauda-Konigshofen,
Germany) to prevent die-off of FIB and biological degradation during storage time. The storage
reservoir was continuously stirred to avoid sedimentation. The wastewater reservoir was renewed two
times per week. The filters were fed by peristaltic pumps (Watson Marlow 2055 and Watson Marlow
323S (Falmouth, United Kingdom)) with a constant HLR of 0.05 m-h~!. The HLR was controlled every
day, and inlet and outlet tubes were flushed with sodium hypochlorite every week to prevent clogging
due to biofilm growth. The HLR was calculated by the volumetric flow rate per hour and cross-sectional
filter area. The experiment was conducted at a constant room temperature of 22 + 1 °C. The mean
organic surface load was 19 gCOD‘m_Z-h_1 (standard deviation (SD): 6.1, n = 6) and 7 gTOC-m_Z-h‘l
(SD: 2.3, n = 6), respectively. This resulted in a mean organic loading rate (OLR) of 252 gCOD-m_3 d-1
(SD: 81, n =6) and 93 groc .m~3.d"1 (SD: 31, n = 6). The high standard deviation was a result of natural
fluctuations of the raw municipal wastewater composition, as detailed in Table 1.

Table 1. Average characteristics of the raw domestic sewage used as influent in the filtration experiment.
E. coli and enterococci concentration are given as most probable number (MPN). Variation ranges
indicate the standard deviations (n = 6).

Parameter Unit
Chemical oxygen demand (COD) mg-L~! 372 +120
Total organic carbon (TOC) mg-L_1 137 £+ 45

Total nitrogen (Niot) mg-L~! 70 +12.4
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Table 1. Cont.

Parameter Unit
Total phosphorous (Piot) mg~L*1 26+ 05
pH 78+0.2
Electrical conductivity (EC) pS-cm ! 1178 £+ 166
Turbidity FNU 260 + 92
E. coli log1oMPN-mL~! 493 40.39
Enterococci log;oMPN-mL~! 4.29 +0.28

2.4. Porosity and Hydraulic Retention Time

The porosity of filter materials was determined using a defined volume of dried (at 105 °C)
samples, which were transferred into a graduated cylinder with a diameter of 5 cm that was weighted
before and after filling. The cylinder was gently shaken to achieve equal bulk density as in the filter
columns and then filled with distilled water. Subsequently, the cylinder was gently heated and boiled to
remove air bubbles. The supernatant water was removed, and the volume and weight of the saturated
material was measured again. Due to the porous structure of biochar and woodchips, the porosity
was determined twice: first with dried materials to estimate the total porosity, and subsequently with
water-saturated materials for the effective porosity of the filter bed.

Tracer experiments also allowed a more detailed insight in flow conditions within the columns.
For that, a 15-mL solution of tap water and 3 g sodium chloride was added as a pulse tracer.
Subsequently, the electrical conductivity (EC) of the effluent was monitored as a function of time [38]
with a sampling interval of one minute, and shortest, longest, and mean residence times in the columns
were determined. The shortest residence time was defined as the time between adding the sodium
chloride and the rise of the EC in the filter effluent. The longest retention time was determined as the
time when the EC reached the background conductivity again. Mean residence time was calculated as
the time when 50% of the total tracer recovery was eluted [39].

2.5. Sampling

Sampling of filter influent and effluent was carried out every week. In order to compensate the
filter hydraulic retention time, the influent was always sampled four days before the filter effluents.
Filters were operated with wastewater for 6 days to flush out the tap water before the first sampling
occurred. At each sampling, the following samples were manually taken: ~45 mL for Escherichia coli
(E. coli) and intestinal enterococci enumeration (50-mL sterilized centrifuge tubes) and 200 mL for
COD, TOC, total nitrogen (Not), and total phosphorous (Pjt) analysis (250 mL polypropylene (PP)
bottles). Samples for microbiological analyses were refrigerated at 4 °C and analysed within 24 h.
After collection, samples for chemical analyses were stored at —20 °C until analysis. Ancillary data
were also collected at each sampling interval, including pH, water temperature (T), EC, redox potential,
turbidity, and UV extinction (190-254 nm).

2.6. Physico-Chemical Parameters

Due to the very low concentration of total suspended solids (TSS) in filter effluent, it was not
possible to adequately measure this parameter (Figure S3). Thus, turbidity was chosen instead of
TSS for estimation of filter performance with respect to the removal of suspended solids. Turbidity
was measured according to DIN ISO 7027 with a Hach turbidimeter 2100P ISO (Lange, Diisseldorf,
Germany). COD concentrations were determined through cuvette tests (Lange, Diisseldorf, Germany).
TOC analyses were carried out with a DIMATOC 2000 (Dimatec Analysetechnik GmbH, Essen,
Germany). Wet-chemical analysis was used to determine Nyt and Pyt concentrations in the water,
according to DIN 38409-28 and DIN EN ISO 6878, respectively. A Multi 3430 (WTW, Weilheim,
Germany) was used for electrochemical analyses (pH, T, EC, and redox potential).
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UV extinction between 190 and 254 nm was determined using a Spectronic Helios Alpha
spectrophotometer (Thermo Scientific, Waltham, MA, USA) photometer. The samples were filtered
with a 0.45-pm carbon free membrane filter (VWR, Radnor, PA, USA) and transferred into a quartz
glass cuvette with 1 cm width. Distilled water was used as blank to subtract the autofluorescence of
the water.

2.7. Microbiological Analyses

E.coli and enterococci were quantified using the standardized microplate methods for wastewater
DIN EN ISO 9308-3 and DIN EN ISO 7899-1, respectively (Bio-Rad, Munich, Germany). The detection of
enterococci is based on the presence of the enzyme beta-glucoside. When present in a sample exposed
to the rehydrated substrate 4-methyl-umbelliferyl-beta-D-glucoside (MUD), a fluorescent compound
detectable with ultraviolet light (A = 360 nm) is released. Microplates for E. coli quantification contained
the dehydrated substrate 4-methyl-umbelliferyl-beta-D-glucuronide (MUG) which reacts in a similar
fashion, however with the enzyme beta-glucuronidase. The microplates were incubated for 36 to 72 h
and subsequently read manually. The method detection limit is 0.56 MPN-mL~! (MPN: most probable
number).

2.8. Data Analysis

Statistical analyses were performed with OriginPro 2016 (Northampton, MA, USA). Data sets
were tested for normal distribution with Shapiro-Wilk test by using a level of significance of p < 0.05.
Normally distributed data were analysed for significance by analysis of variance (ANOVA) and the
Tukey test (p < 0.05) was used for post-hoc comparison. Since measured values of turbidity were
non-normally distributed, the Mann—-Whitney test was used as a non-parametric test. Outliers in
the dataset were identified and excluded with a Grubbs’ test, while box plots were used for the
identification of highly unlikely data, and values were checked for plausibility.

3. Results and Discussion

3.1. Porosity and Hydraulic Retention Time

The measurement of hydraulic residence time and tracer recovery provides important information,
as they affect the contact time of the wastewater with the filter material as well as with the biofilm
that develops on its surface. Longer residence times allow for a more efficient biodegradation of
organic matter and pathogens [40]. The theoretical hydraulic retention times (HRTs) in the columns
were calculated by the porosity and HLR (Table S3) and compared with NaCl tracer tests (Figure S1).
Additionally, the void volume and void ratio of filters were determined using the water-saturated
porosity of the filter materials. There was a notably shorter calculated HRT for biochar and woodchips,
compared to tracer results (Table 2).

During the four days of monitoring tracer in the effluent, more than 95% of the NaCl was recovered
from the gravel, woodchips, and biochar filters. The high tracer recovery in all three filter materials
was unexpected, and was in contrast to other published results where recovery rate was notably lower,
especially for biochar filters [39]. The high specific surface area of biochar was expected to result in the
adsorption of ions.

Obviously, the earlier and sharper conductivity breakthrough of gravel filters resulted in a
shorter mean residence time. This indicates a homogenous packed filter bed with a lower porosity,
while woodchips and biochar filters seemed to have a more heterogeneous packed filter bed with a
higher immobile water fraction. This can be explained by the pin-shaped and uneven structure of these
materials, which resulted in a longer tracer residence time and a lower tracer peak. Higher porosity
and diffusion of water and tracer or contaminants from the mobile to the immobile water fraction and
subsequently dilution in immobile water increases the HRT and consequently decreases the effective
flow velocity.
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Table 2. Hydraulic characteristics of the different filter materials. The porosities of water-saturated
biochar and woodchips were used to calculate the theoretical hydraulic retention times (HRTs).
HRTs were calculated from the storage reservoir to effluent sampling, including water residence
time in tubes.

Shortest Residence Time Tracer Peak Mean Residence Time Longest Residence Time Theoretical HRT Void Volume Void Ratio

Filter Material (h) (h) (h) (h) (h) (L)
Gravel 11.8 135 21.2 735 172 1.6 0.45
Woodchips 17.3 23 33.7 79.4 20.5 191 0.54
Biochar 16.1 229 345 99.5 17.8 1.66 0.47

3.2. Removal of Chemical Parameters by Different Filter Materials

Overall, biochar filters removed significantly (ANOVA, p < 0.05) more COD and TOC than other
materials (Table 3). No significant difference in removal rates of TOC could be observed for woodchip
and gravel filters, while gravel removed substantially more COD than woodchips. Higher COD and
TOC removal rates of biochar filters were also reported by Ahsan et al. [23] and were determined
in previous studies [25]. The superior performance of biochar columns might be explained by their
higher adsorption capacity [23,27]. The possible effect due to the slightly longer HRTs for biochar and
woodchip columns with respect to COD and TOC removal should be very low [14]. Achieved COD
removal rates were in the same range or higher than other published results (Table Al). A long start-up
phase to reach steady state conditions (as recommended in some studies [14,41]) was not necessary in
this experiment, in agreement with Young and McCarty (1969) [7].

Table 3. Mean effluent concentration and removal rates of different filter materials over experimental
time. Different letters () indicate a significant difference of the mean (ANOVA, p < 0.05) between
materials after post hoc analysis. Standard deviations are presented as variation range.

Parameter Woodchips Biochar Gravel
Concentration Removal Concentration Removal Concentration Removal
1 (mg-L7Y) 1 (%) 1 (mg-L™Y) 1 (%) 1 (mg-L™Y) 1 (%)
2 (log;pMPN-mL~") 2 (log1opMPN-mL~1) 2 (logiyMPN-mL~") 2 (log1gyMPN-mL~") 2 (logigpMPN-mL~") 2 (logioMPN-mL~1)
1cop 114 £29 70 £47 48 £19 87° +26 102 £29 74 £ 2.6
1 TOC 50 £ 14 64° £50 31+9.1 77° +3.6 48 + 14 64° £52
1 Niot 64+ 11 7+88 61 + 10 14 +81 62+ 11 12+4.0
L 23+03 104 +71 23+03 13+9.0 22+04 15+85
2 E. coli 4.134+0.35 0782 £0.17 3.96 + 0.43 0.99° +0.31 4.15+0.38 0.84% +0.26
2 Enterococci 3.47 £0.32 0.822 £0.18 3.28 +0.34 1.02° +03 347 £0.38 0812 +0.28

Note: 1 COD, TOC, Ny and Piof are presented as mg~L’1 and percentage respectively; 2 E. coli and Enterococci are
presented as log;oMPN-mL 1.

Overall, anaerobic filtration is an effective treatment of low-strength wastewater, particularly for
COD removal [7,9]. Although the measurement of gas production in filters was not possible, a biogas
production proportional to the conversion of COD is very likely [7,41,42].

No statistically significant differences in removal rates of Niot and Pyt were observed for all three
filter materials. Due to the anaerobic conditions (compare Section 3.5), removal rates of Niot and Piot
were very low in all nine columns. Depending on the further use of filter effluents, additional water
treatment is necessary. However, for reuse as irrigation water, high effluent concentrations of nitrogen
and phosphorus might be positive, reducing the fertilizer requirement [43,44].

3.3. Effect of Filter Materials on Effluent Turbidity

Influent turbidity was unstable over the whole experiment between 60 and 360 FNU
(mean: 200 FNU, SD: 92, n = 6). Over the entire experiment, biochar filters performed significantly
better and more constant regarding turbidity reduction than the other two filter materials (Figure 2).
Especially at the beginning of the column experiment, biochar filters showed lower effluent turbidity
(Figure 2b). The performance of woodchips and gravel filters was in a comparable range for effluent
turbidity (Figure 2). The average effluent turbidities of woodchips, biochar, and gravel filters were
20 FNU (SD: 6.0, n = 24), 14 FNU (SD: 8.2, n = 24), and 26 FNU (SD: 15.9, n = 26), respectively.
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This resulted in an average turbidity reduction of 90% for woodchips, 93% for biochar, and 87% for
gravel filters.

Over the entire experiment, the turbidity removal patterns of all three materials were on a constant
level, with significantly higher values for biochar filters compared to other materials (woodchips: U = 437.5,
z =3.07258, p > 0.00164; gravel: U = 142.5, z = —3.28202, p > 7.35 x 104). No significant difference between
woodchips and gravel could be observed (U = 262.5, z = —0.95166, p > 0.34191).

The achieved removal rates were considerably higher [45] or in a similar range [16] to other
published results. Despite being mostly unreported in anaerobic filtration studies, turbidity removal
is an interesting parameter for a simple and quick estimation of suspended solids in water samples.
In general, suspended solids and thus turbidity removal is higher at lower HLRs and higher hydraulic
retention times [46]. Nevertheless, biochar and woodchips filters were very similar regarding porosity,
HRT, and tracer-curve progression. Hence, the most likely explanation for higher turbidity removal
rates of biochar filters is adsorption through its high specific surface area. Lower UV-absorbance of
effluent of biochar filters supports this hypothesis (compare Section 3.6).
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Figure 2. (a) Box-plots of the effluent and influent turbidity of different filter materials. Whiskers represent
1.5 interquartile ranges, and average values are represented as black squares. (b) Average turbidity of
gravel (black), biochar (grey), and woodchips (light grey) filter effluent and influent (diamond with cross)
over time. Error bars represent standard deviation.

3.4. Effect of Filter Materials on Removal Rates of FIB

Over the entire experiment, influent FIB concentration was in the range of 4.19 to
5.46 logloMPN-mL_1 with an average of 4.93 £ 0.39 for E. coli. Enterococci concentration was between
3.90 to 4.73 1og10MPN-mL~! with an average of 4.29 + 0.28. The mean reduction of FIB over experimental
time was between 0.78 and 1.02 logjp-units, and is summarized in Table 3. Maximum reduction was
1.7 logjp-units. Compared to other filter materials, biochar columns removed significantly (ANOVA,
p < 0.05) more E. coli (ANOVA, p < 0.05) and enterococci than woodchip filters, and significantly more
enterococci than gravel filters. No significant differences in removal rates of E. coli could be observed for
biochar and gravel filters and of FIB between gravel and woodchips (Table 3). Thereby, removal patterns
were comparable for E. coli and enterococci. A correlation between influent concentration of FIB and
removal rates could not be determined. However, a significant reduction of pathogens during filtration
could be observed.

Removal rates of FIB which were achieved in this experiment were in line with other published
results [13,14,47] or higher [45,48]. Overall, the reduction of FIB (Table 3) was too low to allow
direct water reuse for irrigation, and further treatment is necessary to fulfil WHO guidelines for
unrestricted irrigation [49]. Thus, sand filters or biofilters [15,50-52], biochar augmented filters [28,53],
or zero-valent-iron amended filters [54] are reliable low-cost alternatives for post-treatment. Due to
the very low effluent turbidity and COD concentration, AF is ideally suited for pre-treatment for such
simple disinfection methods. The low effluent turbidity of AF may also allow a further inactivation of
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FIB in treated water by solar radiation, which is higher at lower turbidity levels [55,56]. Since turbidity
reduction was most efficient through biochar filtration, this may result in a higher inactivation of FIB
in the effluent of biochar filters compared to gravel and woodchip filters.

3.5. Effect of Different Filter Materials on Physical Parameters

During the column experiment, the physical parameters pH, EC, and temperature were measured
weekly. The results are summarized in Table S4. The redox potential, which was measured randomly in
influent and effluent, was always below —300 mV, and indicated strict anaerobic conditions. Over the
whole experiment, no significant difference (ANOVA, p < 0.05) could be found for EC between filter
influent and effluent of all materials, and mean EC was in the range of 1150-1180 uS/cm. The gravel
filter showed slightly higher pH values than the influent and the other filter materials. Measured pH
of influent and effluent was between 7.3 and 8.3. Due to controlled and stable environment conditions,
temperature influences (constantly at 22 °C) on removal rates in different filters can be excluded.

3.6. UV Absorbance of Filter Effluents and Raw Water

UV absorbance was measured between 190 nm and 254 nm. While mean absorbance at 254 nm
(UVAysy) of woodchip (UVAzss = 0.34 cm™1, SD: 0.033, n = 16) and gravel (UVAys4 = 0.295 cm ™!,
SD: 0.064, n = 16) filter effluent was in the range of influent (UVAj54 = 0.352 cm™1, SD: 0.09, 1 = 6),
biochar filters (UVAys; = 0.074 cm™~!, SD: 0.033, n = 16) showed a significantly lower extinction
(ANOVA, p < 0.05) (Figure 3). Since UVAjs4 is a common parameter to measure natural organic matter
(NOM), which is expected to be removed mainly by adsorption on filter material [57], this outcome
indicates a higher adsorption capacity of biochar. Over the experimental time, no clear trend could be
identified for UVAjs54 for woodchip and gravel filters, while absorbance of biochar effluent showed
a slight increase over time (Figure 3). This slight increase of biochar effluent might be explained by
the saturation of the biochar adsorption capacity. Aside from the first sampling, the UVA;s4 of gravel
filters was slightly lower than woodchips. The large difference between these two materials at the first
sampling might be explained by the release of organic substances from woodchips [22,38], because
the UVAjs4 of effluent of woodchip filters were even higher than the UV absorbance of raw water.
Similar results for both materials regarding COD, TOC, and turbidity removal, and the slightly higher
UVAjs54 of woodchip columns over the entire experiment supports this hypothesis. Results for UVAjy;
are shown in Figure S2. Correlation analysis between COD concentration and UV absorbance at 201
nm (R? = 0.826) and 254 nm (R? = 0.767) indicates a clear correlation between these two parameters
(Figure 3). These results were in contrast with the studies of Hur and Cho [58], who found a weaker
correlation at a wavelength of 220 nm.

Overall, the calculated correlation coefficients between both parameters were clearly lower than
in other studies [58,59]. Thus, UV absorbance measurements could potentially be implemented as
a simple and cheap tool for monitoring the adsorption capacity and COD removal efficiency of AF,
indicating malfunctions and overloads. Such a low-cost and simple analytical tool is especially relevant
for the implementation of the technology in low-income countries, but further research is necessary to
validate these results under other operational conditions.
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Figure 3. (a) Mean UV extinction of filter effluents at 254 nm of gravel (black), biochar (grey),
and woodchips (light grey) over time. Error bars represent standard deviation. (b) Boxplot of UV
absorbance at 254 nm of filter effluent and raw water. Correlation between COD concentration and UV
absorbance at (¢) 201 nm and (d) 254 nm of filter effluent of gravel (black triangles), biochar (grey circles),
and woodchips (light grey squares) filters. Straight lines are regression lines with 95% confidence zones
(grey area between dotted lines).

3.7. Evaluation of Filter Materials and Treatment Efficiency

The achieved COD and FIB removal efficiencies of AF in this experiment were on the same order
of magnitude as other potential treatment systems for developing countries, such as different pond
systems or trickling filters [11]. Presuming an average daily wastewater quantity of 120 L per capita and
day, the required land use of AF with a primary sedimentation and relevant infrastructure would be
less than 0.2 m? per capita, and thus four times lower than rapid infiltration and approximately 15 times
lower than constructed wetlands [11]. In an ongoing long-term experiment treating wastewater with a
similar AF (data not shown), achieved effluent water quality is constant and equal to the presented
study, and filters need to be backflushed only every 6 to 8 months. Consequently, AF is a highly
suitable and robust treatment system for wastewater treatment in developing countries.

Over the entire experiment, the removal efficiency of biochar filters was superior or equal for
the investigated parameters compared to gravel or woodchips. Due to the high adsorption capacity,
biochar is also potentially able to remove organic and inorganic substances (e.g., pharmaceutical
products, pesticides, phenols, and heavy metals) [24,29] from wastewater, and may thus contribute
to a safer environment and improved water quality. Hence, biochar filters might also be a potential
treatment system for wastewater disposal and water supply during extreme weather events [60,61].
Due to the possibility of bioregeneration of the biochar material [62], the adsorption capacity
of biochar filters can be prolonged, and thus higher removal rates might also be achieved in
long-term experiments.
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4. Conclusions

The anaerobic filtration of municipal wastewater is a highly suitable and low-cost technology for
the removal of COD, TOC, and turbidity, particularly for low-income countries where appropriate
wastewater treatment is often lacking. AFs are also able to remove a substantial amount of FIB
from raw wastewater. The materials considered in this study showed good suitability as filter
materials for anaerobic wastewater filtration, and the effluent of all filters is expected to be suitable for
disinfection with various post treatments. Since no start-up phase was necessary to achieve constant
removal rates, AF has an enormous potential as a wastewater treatment method for emergency
situations (e.g., earthquakes, floods, or refugee camps). Over the entire experiment, the performance
of biochar filters was superior or equal to woodchips and gravel filters for the investigated parameters.
Hence, biochar is expected to be a highly suitable and sustainable material for anaerobic wastewater
filtration—particularly due to the possibility that biochar can be produced locally from organic waste
products or agricultural residues. Due to the low effluent turbidity of AF, further studies should also
include the effects of wastewater treatment on the survival rates of FIB in receiving water bodies.
Additionally, the influence of low UV absorbance in treated wastewater on the behaviour of hazardous
substances in surface water should be investigated.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4441/10/7/818/s1.
Figure S1: Electrical conductivity over time of effluents from different filter units after adding a pulse of NaCl to
influent tab water, Figure S2: Mean UV-Extinction of filter effluents at 201 nm (a) of gravel (black), biochar (grey)
and woodchips (light grey) over time, Figure S3: Samples of filter influent (right) and effluent of biochar filter
(left), Table S1: Chemical and physical characteristics of biochar and woodchips, Table S2: Chemical and physical
characteristics of quartz gravel, Table S3: Porosity of different filter materials and theoretical hydraulic retention
time, Table S4: Physical parameters of filter influent and effluent.

Author Contributions: K.K. conceived and designed the experiments. M.L., T.G. and M.W. contributed to
the conception and design of the study. K.K. performed the experiments and analysed the data. All authors
contributed to the overall framing and revision of the manuscript at multiple stages.

Acknowledgments: This study was carried out within the framework of the UrbanFoodPlus Project under
the GlobE-Research initiative for Global Food Supply (FKZ: 031A242-B), jointly funded by the German Federal
Ministry of Education and Research (BMBF) and the Federal Ministry for Economic Cooperation and Development
(BMZ). We are grateful to Ilka Papajewski, Mike im Spring and Karsten Alfes for their assistance during the
experiment and Christoph Steiner for coordinating the UrbanFoodPlus Project. We thank the anonymous reviewers
for their valuable comments and Marc Hansen for proof-reading the manuscript. We acknowledge support by the
German Research Foundation (DFG) and the Open Access Publication Funds of the Ruhr-Universitdt Bochum.

Conflicts of Interest: The authors declare no conflict of interests.


http://www.mdpi.com/2073-4441/10/7/818/s1

Water 2018, 10, 818 12 of 17
Appendix A
Table A1. Literature review of anaerobic filter (AF) and anaerobic biofilter (AnBF) for wastewater treatment.
Temperature Influent OLR HRT Efficiency
Raw water Filter material Filter Type o (mgcop-L™h) (kgcop-m~3-d™1) COD (%)
to *(mggop'L™")  *(kggopm >-d™") * * BOD (%) Reference
DWW Tezontle AF 232+19 436 £ 72 0.298 +0.049 2 18 76.1 [63]
DWW Baked clay septic tank + AF 12—40 411 £ 156 0.13—1.09 18.1—19.7 88.6 +3.7 [13]
DWW Coconut shell AF 245+54 982 + 424 NA 9 65 + 15 [15]
DWW Reticulated polyurethane foam AF 13 518 £ 222 NA 4 55+ 8 [42]
DWW Reticulated polyurethane foam AF 13 461 £ 134 NA 4 >40 [64]
450 6 77
DWW +SS Plastic rings AF 24 575 NA 10 92 [9]
780 20 90
DWW + SS Plastic material AF 23 780 0.75 24b 90 [10]
DWW Sand AnBF 20+1 3054+902 0.204—0.36 @ 12—26 58 [25]
DWW Miscanthus Biochar AnBF 20+1 305 4+904 0.204—0.36 @ 15—29 73 [25]
DWW Coconut shell AF 254 +45 1105 £ 338 NA 9 73 £ 12 [12]
DWW Bamboo rings AF NA 996 NA 9 60—80 [18]
DWW Rock AF 23—27 94 * 0.05* 15 82—83 * [20]
DWW Wood slats AF 23—27 106 * 0.08 18 78 * [20]
DWW Wood slats AF 23—27 84 * 0.05* 22 83 * [20]
DWW Cylindrical plastic rings AF 17—28 260—540 0.965 10° 75.9 [65]
Ceramic saddles 14.2 70.5
DwWw Crashed stone AF 25.2 434 0.434 16.1 67.9 [66]
LSDWW Waste tyre rubber AF 30—35 941 + 67 NA 24 60 [67]
3.3922,1.696 2
1500 g g 45,9,18, 36 36.7,79.3,91.5,92.1
SS Quartzite stones AF 25 0.8587,0.425% [7]
3000 3.3922,0.8582,0.4252 9,36,72 63,88.4,934
i 1 1 20 * a * a * a % 36*’66*’86*
AWW Vinylidene chloride AF 30 200 0.642%,0.322%,0.16 7.5,15, 30 87.5% 93 % 95 * [68]
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Table A1. Cont.
Temperature Influent OLR HRT Efficiency
Raw water Filter material Filter Type o (mgcop-L™1) (kgcop-m~3-d~") COD (%)
O <mggop L) * (kggop-m—>-dY) * * BOD (%) Reference
AWW PVC € pall rings AF 35 2500 2 30P 95—96 [69]
Three AF + 131—398
LSDWW Non-woven fabric material AnOx ¢ + Ox 4 18—24 ( :210) 0.19,0.11, 0.07 24,48,72 32,40, 44 [70]
in series mean:
g a__ a
LSDWW PVC ¢ packing material AF 18—35 (leanl-lgg(;) (&ZZn' 012'22 2) 24 73 [45]
. 130-580
Effluent of septic Plastic ballast rings AF 20 (mean: 293 + NA 29 49 [14]
tank 104)
Greywater PVC ¢ packing material AF 20—28 170 4= 100 0.342 NA 72 [16]

DWW = domestic wastewater; LSDWW = low-strength domestic wastewater; AWW = artificial wastewater; SS = synthetic substrate; * calculated values; b Based on empty bed;
¢ AnOx = Anoxic filter; ¢ Ox = Oxic filter; ¢ PVC = polyvinyl chloride; * numbers are given as BOD instead of COD.
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