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Featured Application: Bacterial removal in water treatment using a sand column supplemented
with adsorbents derived from hydrothermally treated sewage sludge.

Abstract: Hydrothermal carbonization (HTC) technology can convert various types of waste
biomass into a carbon-rich product referred to as hydrochar. In order to verify the potential of
hydrochar produced from stabilized sewage sludge to be an adsorbent for bacterial pathogen
removal in water treatment, the Escherichia coli’s removal efficiency was determined by using 10 cm
sand columns loaded with 1.5% (w/w) hydrochar. Furthermore, the removal of E. coli based on
intermittent operation in larger columns of 50 cm was measured for 30 days. Since the removal of
E. coli was not sufficient when the sand columns were supplemented with raw hydrochar, an
additional cold-alkali activation of the hydrochar using potassium hydroxide was applied. This
enabled more than 90% of E. coli removal in both the 10 cm and 50 cm column experiments. The
enhancement of the E. coli removal efficiency could be attributed to the more hydrophobic surface
of the KOH pre-treated hydrochar. The idle time during the intermittent flushing experiments in
the sand-only columns without the hydrochar supplement had a significant effect on the E. coli
removal (p < 0.05), resulting in a removal efficiency of 55.2%. This research suggested the possible
utilization of hydrochar produced from sewage sludge as an adsorbent in water treatment for the
removal of bacterial contaminants.

Keywords: Escherichia coli; bacterial removal; sewage sludge; chloride tracer; hydrothermal
carbonization; hydrochar

1. Introduction

Hydrothermal carbonization (HTC) is considered an emerging technology for effective waste
conversion and/or treatment. In the HTC, also known as “wet pyrolysis”, process, feed stock (organic
stock immersed in water) is heated in a pressure-resistant reactor. Autogenous pressure inside the
reactor allows subcritical water temperatures (180-350 °C), and the feed stock is converted into a
mixture of process water containing water-soluble organics and a carbonaceous solid called
hydrochar [1]. Several distinctive features of HTC, such as minimal environmental impact, simplicity,
cost effectiveness, low greenhouse gas emission, and energy efficiency, make the technology
attractive [2].

In 1913, Bergius performed the first HTC experiment to facilitate the natural coalification process
of organic feedstock under laboratory conditions [3]. Since then, extensive research has investigated
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HTC for the conversion of a wide range of feedstock, from pure substances (e.g., cellulose and glucose)
to more complex materials, such as fruit shells and paper [4-7]. The advantage of HTC over other
pyrolysis techniques is that a feedstock with high moisture content can be directly converted into a
solid carbonaceous material with high yield. The additional cost for feedstock drying in other
conventional dry pyrolysis methods can be saved, and this enables various continuously generated
waste materials, such as animal and human faeces, municipal sewage sludge, and activated sludge
from wastewater treatment plants, to be used as potential feedstock [1].

The traditional disposal methods of sewage sludge have limitations, due to potential
environmental risks that could result from various pollutants, such as pathogenic micro-organisms,
organic pollutants, and heavy metals [8]. Recently, HTC has been suggested as a cost-effective and
eco-friendly solution for this sewage sludge management challenge [9-11]. Also, the carbonaceous
solid output (hydrochar) from the HTC process, with a competitive pollutant adsorption capacity,
could replace commercial activated carbon in water treatment [12].

The research on the use of hydrochar derived from sewage as a low-cost adsorbent in water
treatment is still in its infancy. It was reported that the hydrochars derived from industrial sludge
and anaerobically digested sludge removed Pb(Il) (qm = 11 mg/g) in laboratory conditions [13]. Also,
sewage sludge-derived hydrochar showed a comparable Pb(II) removal efficiency (qm= 15 mg/g) [14].
For the removal of pathogenic contaminants, hydrochar derived from sewage sludge was able to
achieve a 2 to >3 log removal of human pathogenic rotavirus and adenovirus [15]. However, the
removal of faecal bacteria has not yet been reported. Therefore, the main objective of this research is
to evaluate the hydrochar derived from sewage sludge as an additive adsorbent in sand filtration
setups for Escherichia coli removal during water treatment.

2. Materials and Methods

2.1. Escherichia coli Suspension

As a surrogate of enteric bacterial pathogens, a wild-type E. coli strain UCFL-94 obtained from a
grazing field was provided from previous research [16]. Previous investigations reported a relatively
low sticking efficiency of the strain. UCFL-94 was inoculated in 50 mL nutrient broth (OXOID,
Basingstoke, Great Britain), and the culture medium was stored at 37 °C for 24 h under agitation at
150 rpm using an orbital shaker. Fresh E. coli stocks were prepared every week during the
experimental period. The influent for the E. coli removal experiments was prepared by dilution of the
E. coli stock into artificial groundwater (AGW). AGW was prepared by dissolving 526 mg/L
CaCl2:2H:0, 184 mg/L MgSO4+7H:0, 8.5 mg/L KH2PO4, 21.75 mg/L Ko:HPOs, and 17.7 mg/L Na2HPOs
in demineralized (DI) water [17]. The results from pH and electrical conductivity measurements on
the AGW ranged between 6.6-6.8 and 1012-1030 puS/cm, respectively.

The influent was prepared at room temperature (23 + 2 °C), and stabilized for >24 h before its
use in the experiments. Since there was no significant change in the E. coli concentration of the influent
during 4 days of observation (data not shown), the natural die-off of the E. coli was not considered.
The E. coli concentration of the influent was controlled to be ~10¢ CFU/mL or ~10° CFU/mL for small
and large column experiments, respectively. In this research, the E. coli concentration was measured
by using the conventional heterotrophic plate counting method [18] employing Chromocult agar
plates (ChromoCult® Coliform Agar, Merck, Darmstadt, Germany). After the incubation period of 24
h at 37 °C, the colonies on the agar plates were counted using a Colony Counter (IUL, Barcelona,
Spain).

2.2. Hydrochar

The Zurich University of Applied Sciences (ZHAW, Wadenswil, Switzerland) provided the
hydrochar stock used in this research. Briefly, the hydrothermal conversion of stabilized sewage
sludge from a wastewater treatment plant was carried out with sulphuric and acetic acid
supplements for 5 h at a median temperature of ~210 °C. The autogenous pressure inside the reactor
ranged between 21 and 24 bar. The output of the hydrothermal reaction had the form of thick slurry.
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It was chilled to 20 °C and dehydrated using a membrane filter press. The resulting filter cake was
oven-dried at 105 °C overnight, and manually powdered using a mortar and pestle. Finally, the
hydrochar powders were rinsed by a few rounds of suspension in DI water and successive
centrifugation at 2700 g for 3 min (236 HK, Hermle, Wehingen, Germany).

In order to increase the adsorptive capacity, the raw hydrochar was activated by KOH solution
[17,19,20]. Washed hydrochar powders were suspended in a 1 M KOH solution at a concentration of
5 g hydrochar (dry weight)/L and stirred for 1 h at room temperature. The hydrochar-KOH
suspension was washed as described earlier until a neutral pH was observed [17]. The KOH
concentration for the activation was selected based on the results from preliminary experiments (data
not shown) as described previously [17]. The concentration of each hydrochar suspension was
determined by measuring the dry weight (at 105 °C). All hydrochar stocks were stored at 4 °C until
needed.

2.3. Material Characterization

2.3.1. Zeta Potential

The zeta potential of hydrochar and E. coli in a certain pH range (4-10 for hydrochar and 5.5-8.5
for E. coli) was measured using a Zetasizer Nano ZS (Malvern, Worcestershire, UK) equipped with
an auto-titration unit MPT-2. Hydrochar and E. coli samples were conditioned in AGW by several
rounds of washing prior to the experiments. All of the test samples were diluted to a certain extent
in order to have an adequate attenuator selection (6-8) of the instrument.

2.3.2. Elemental Composition

Both the raw and activated hydrochar samples were analyzed by X-ray fluorescence (XRF)
spectroscopy in order to assess their elemental compositions using a SPECTRO-XEPOS XRF
spectrometer (SPECTRO, Kleve, Germany). The instrument was equipped with a 10 mm? Si-Drift
Detector with Peltier cooling and a spectral resolution (FWHM) at Mn Ka <155 eV for determination
in the element range of Na-U (SPECTRO, 2014). The hydrochar samples were powdered (grain size
<100 pm) using a milling instrument, MM 400 (Retsch, Haan, Germany), for 5 min at a frequency of
25 s71. Then, sample pellets with a 32 mm diameter were prepared by mixing of 4 g hydrochar powder
with 0.9 g Licowax C micro powder PM (Clariant, Muttenz, Switzerland) and successive pressing
under 15 tonnes pressure. The analysis was performed using the TurboQuant-screening method.
Each side of the pellet was subjected to one exposure to X-ray radiation, and the mean results of both
sides (two analyses) were recorded.

Also, the carbon (C), hydrogen (H), nitrogen (N), and oxygen (O) contents were measured based
on the dry combustion method using a TruSpec analyzer (LECO, St. Joseph, ML, USA). The samples
for the C, H, N, and O analysis were thoroughly dried at 105 °C and powdered using the mixer mill
for 5 min at a frequency of 25 s-1. Then, 100 mg of each sample was incinerated at 950 °C and recorded
by a TruSpec CHN Macro Analyzer. Furthermore, the O content was assessed by combusting 3 mg
of sample material at 1300 °C using the additional high-temperature pyrolysis furnace TruSpec Micro
Oxygen Module. All of the samples were analyzed in duplicate, and the mean results were recorded.

2.3.3. Surface Functional Groups

The raw and activated hydrochar samples were analyzed by Photoacoustic Fourier transform
Infrared Spectroscopy (FTIR-PAS) in order to investigate their surface functional groups. A Tensor
37 FTIR spectrometer (Bruker Optics, Fillanden, Switzerland) equipped with a photoacoustic optical
cantilever microphone PA301 detector (Gasera, Turku, Finland) was used for recording infrared
spectra in the range of 4000-400 cm™. In order to enhance the signal-to-noise ratio, an average
determination of 32 single spectra was performed after the analyses. In addition, the interference
resulting from CO2 was minimized by subtracting the COz spectrum from the sample spectrum. Prior
to the measurements, samples were desiccated by drying at 105 °C for 1 h and successive storing in
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an exsiccator at room temperature. For each analysis, the PA301 sample cell was refreshed with
helium gas of 99.999% purity.

2.3.4. Specific Surface Area and Pore Size Distribution

In order to investigate the surface area and pore size distribution of the hydrochars, gas sorption
analyses were carried out using an Autosorb-iQ (Quantochrome, Boynton Beach, FL, USA). Prior to
the analysis, the residual water and organic contents of the hydrochar samples were removed by
placing them in dynamic vacuum conditions at 120 °C. Gas sorption experiments were performed at
77 K (=196 °C) employing N: gas as an adsorbing gas. The surface area was derived based on the
multi-point Brunauer—-Emmett-Teller (BET) method. Also, density functional theory (DFT) using the
quench solid DFT (QSDFT) method was used for analyzing micro and mesoporous pore size
distribution [21]. Macropores were not subjected to the analysis.

2.3.5. Surface Morphology

The surface morphology of the hydrochar variants was investigated by performing a Scanning
Electron Microscopy (SEM) analysis using a Quanta 250 FEG (FEI, Hillsboro, OR, USA). The
hydrochar sample was placed on an adhesive side of a carbon tape fixed on an aluminium stub.
Successive flushing with nitrogen gas of 99.999% purity removed detached particles.

2.3.6. Hydrophobicity

The hydrophobic property of both hydrochar samples was investigated by measuring the static
contact angle using a DSA100 (KRUSS, Hamburg, Germany). In order to obtain a flat surface of a
hydrochar sample, identical pelletizing procedures employed in XRF analysis were used (see Section
2.3.2), except for the addition of Licowax C [22]. The average results of triplicated measurements were
recorded.

2.4. Column Experiments

2.4.1. Experimental Setup

A 99.1% pure-quartz sand (Kristall quartz-sand, Gebriider Dorfner, Hirschau, Germany) was
used as a packing material for the columns. A sieve analysis on the sand stock reported an effective
grain size (D1o) of 0.45 mm, a uniformity coefficient of 2.0, and a maximum grain size of 2.0 mm [23].
The size of the hydrochar particles was smaller than 0.425 mm. In order to remove undesirable
impurities, the sand stock was immersed in 5% HCI overnight and rinsed with DI water until the pH
of the washing water became stabilized. Finally, the residual water was removed by draining and
successive drying at 105 °C.

A certain amount of hydrochar suspension was added to the washed sand grains to achieve a
1.5% (dry w/w) hydrochar concentration, and the mixture was then thoroughly mixed. The
hydrochar-sand mixture was then loaded into two types (small or large) of columns: Omnifit
borosilicate glass columns (250 mm length x 25 mm inner diameter; Diba industries, Cambridge, UK)
for supporting short (10 cm) column beds, and acrylic poly vinyl chloride (PVC) pipes with an inner
diameter of 5.6 cm for supporting long (50 cm) column beds. During the packing process, the columns
were manually tapped and agitated in order to prevent channelling in the column bed. Also, the
packing material loaded in the column was compacted carefully using either a glass rod or a steel rod
to avoid possible air entrapment. Each type of column was assembled using appropriate connectors
and fitting materials. Throughout the experiments, the packing materials were tightly fixed in the
columns by stoppers at both ends, without under-drain media and exposure to the atmosphere. Then,
the columns were washed with DI water overnight using a Masterflex pump (model 77201-60,
Vernon Hills, IL, USA). During the washing process, the DI water was fed into columns at an upward
flow rate of 1 mL (0.2 cm)/min for small columns, or 33.3 mL (1.35 cm)/min for large columns.
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Chloride tracer tests, performed on both the small and large columns (data not shown), reported a
void ratio of ~40%.

The columns were vertically positioned using tripod stands or a steel frame rack. Prior to the
main E. coli flushing experiment, chloride tracer tests were performed to estimate the pore volume
(PV) and to verify a stable aqueous flow in the column bed. The columns were flushed with the tracer
solution (0.02 M NaCl) and successively with the DI water. The tracer concentration in the effluent
was measured using ion chromatography (ICS-1000, Dionex, Sunnyvale, CA, USA).

2.4.2. Small Column Experiments

The E. coli removal performance of the small columns (10 cm long filtration bed) packed with
either sand, the sand-raw hydrochar mixture, or the sand-activated hydrochar mixture was
investigated by column flushing experiments. For each type of column medium, a pair of columns
loaded with fresh packing materials was used to generate two breakthrough curves (BTC). Each
flushing consisted of a loading (feeding of 50 mL AGW seeded with E. coli) and successive deloading
(feeding of 50 mL E. coli-free AGW) phase. The influent was fed into the column at an upward flow
rate of 1 mL/min (0.2 cm/min). The E. coli concentration in the effluent was measured every 5 min.
After the column flushing experiments, the vertical distribution of the hydrochar concentration was
measured as described previously [17].

2.4.3. Large Column Experiments

Three pairs of large columns (50 cm long filtration bed) were prepared for testing the sand as
well as the sand-raw and sand-activated hydrochar mixtures. The columns were subjected to
intermittent daily flushings with E. coli-seeded AGW for 30 days. For each week, five consecutive
daily flushings were performed, and 2 days of pause were given. This flushing regime was designed
to give four sets of 24 h idle time (in the first 5 days of each week) and one set of 72 h idle time per
week. For each flushing experiment, 1 L influent (~2 PV, calculated from the chloride tracer test, data
not shown) was flushed into each column, and the effluent was sampled for every 100 mL.

During the flushing, the first PV of the influent expelled the residual pore water stored in the
column media from the previous flushing experiment, and the second PV was stored in the column
media until the next flushing. It is considered that the first five effluent samples reflect the effect of
idle time in E. coli attenuation. The following five effluent samples represented the direct E. coli
removal that occurred when passing through the column bed. One-way ANOVA and Tukey’s test (p
< 0.05) were used to verify the statistical differences of the results from the three types of setup. The
statistical analyses were carried out using IBM SPSS Statistics for Windows Version 22.0 released 2013
(Armonk, NY, USA).

3. Results
3.1. Material Characterization

3.1.1. Zeta Potential

The zeta potential assessment performed on the test E. coli strain UCFL-94, raw, and activated
hydrochar used in the column experiments showed negative values in the pH range of 6.6-6.8 (Figure
1). The zeta potential of raw hydrochar was slightly increased by KOH activation from =15 mV to —13
mV. Also, a negative zeta potential of -11 mV was measured for the E. coli UCFL-94 suspension.
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Figure 1. Zeta potential of the hydrochar and Escherichia coli strain over a function of pH. The lines
represent the mean zeta potential value and error bars indicate the standard deviation.

3.1.2. Elemental Composition

Table 1 shows the elemental composition of both hydrochar samples obtained from the analyses
using XRF and a TruSpec analyzer. The KOH activation increased the potassium (K) content by 0.4%,
which supports the association of K on the surface of raw hydrochar. It was speculated that the
increase in iron (Fe), Magnesium (Mg), and calcium (Ca) content was derived from impurities of the
KOH reagent used for the activation, and/or due to an increase in relative concentration due to the
loss of other elements. The decreases in aluminium (Al) and phosphorous (P) contents resulted from
the washing out during the activation process. The alterations in the constitution of the carbon (C),
hydrogen (H), Nitrogen (N), and oxygen (O) contents were considered insignificant.

Table 1. Elemental composition (%) of hydrochar variants used in this study.

C H N O Ca Mg Al K Fe P
Raw 286 3.6 20 223 51 09 26 05 50 45
Activated 294 37 19 211 58 10 20 09 55 26
Obtained from TruSpec analyzer (C, H, N, and O) or XRF (Ca, Mg, Al, K, Fe, and P).

3.1.3. Surface Functional Groups

The qualitative composition of surface functional groups was not significantly altered by the
KOH activation. The raw and activated hydrochar samples showed similar peaks in the FTIR-PAS
analyses (Figure 2). The spectra in the region between 1700 and 1300 cm™ and the bands at 3800 cm™!
were assigned to the residual water content in the hydrochar samples. The bands in the range of
2930-2850 cm™ corresponded to aliphatic C-H stretching vibrations [24-26]. The bands at 1600 and
1446 cm™ referred to aromatic C=C stretching vibrations [26,27] and aliphatic CH: scissoring
vibrations [28,29], respectively. A modest vibration shift was observed from the bands in the range
of 1446-1400 cm™ of the activated hydrochar samples. This referred to the deprotonation of the OH
at the surface of hydrochar. Te bands in the 1110-1010 cm™ region were derived from O stretching
vibrations [25,27,28]. The bands at 780 cm™ was derived from out-of-plane bending vibrations of
aromatic C-H bonds [24,26].
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Figure 2. FTIR-PAS spectra of raw and activated hydrochar.

3.1.4. Specific Surface Area and Pore Size Distribution

The BET analysis performed on the raw and activated hydrochar showed a specific surface area
of, respectively, 25.3 and 18.5 m?/g. Figure 3 shows the results of the QSDFT pore size (differential
pore volume) distribution, which demonstrates the pore volume composition attributed to the
specific pore widths. The pore volume derived from the micro and mesopore range was negligible.
A clear decrease in the surface area derived from the KOH activation was observable in the pore

fraction, with a size >15 nm.
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Figure 3. Pore size distribution curves obtained from quench solid density functional theory (QSDFT)
analysis.

3.1.5. Surface Morphology

The SEM analyses for the raw and activated hydrochar samples were performed in order to
investigate the morphological change derived from the KOH activation. The images from the SEM
analyses indicated insignificant physical alterations (Figure 4). The surfaces of both types of
hydrochar had a relatively rough structure, consisting of macropores (>50 nm) which could provide
attachment sites for E. coli cells with a size of ~2 pm (measured by Zeta-sizer nano, Malvern, data not
shown).

014 | dwell W | HRW 5 um 5 pm

1PM | 10 ps | 20.00 kV | 21.0 pm [ PM | 20 ps | 20.00 kv | 18.8 ym | 2. QuantaFEG

Figure 4. SEM images of raw (left) and activated (right) hydrochar.

3.1.6. Hydrophobicity

The results from the contact angle measurements on the raw and activated hydrochar samples
indicated that the surfaces of both materials had hydrophobic characteristics. The hydrophobicity of
the raw hydrochar was increased by KOH activation. The contact angle values of the raw and
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activated hydrochar were 126.5° (+2.9) (average of triplicate + standard deviation) and 135.4° (+4.7),
respectively.

3.2. E. coli Flushing Test

3.2.1. Breakthrough Analysis in Small Column Experiments

Figure 5 presents the BTCs obtained from the small column flushing experiments. All BTCs
showed a clear pattern, consisting of a rising limb, a plateau phase, and a declining limb. The
supplementation of raw hydrochar in the sand media resulted in early E. coli breakthrough. In
contrast to the rising limb of the sand-only column observed after 15 min, the one from the raw
hydrochar-amended column was observed already after 10 min. This was similar in the declining
limbs: the one in the sand-only column started 5 min later than the column supplemented with the
raw hydrochar. It was apparent that the decrease in the pore space of the sand media induced by the
filling of pores by raw hydrochar amendment facilitated the E. coli transportation. While the effect of
raw hydrochar addition in the sand media for the E. coli removal was insignificant, the amendments
with the activated hydrochar showed an important increase in the removal efficiency. The C/Co ratios
in the plateau phase of both the sand-only and raw hydrochar-amended columns were similar at ~0.9.
However, the C/Co ratio of the sand column with the activated hydrochar supplement was only
around 0.1. The average E. coli removal efficiencies of the sand and the raw and activated hydrochar-
supplemented columns were 9.2%, 9.6%, and 90.1%, respectively. The measurements on the vertical
hydrochar distribution in the column showed no significant migration of hydrochar particles during
the flushing.

-©-Sand a
—+Sandb
A-Raw a
-—=-Raw b
B-Activated a
-©-Activated b
=Cl- tracer a
-%-Cl- tracer b

0 10 20 30 40 50 60 70 80 920 100
Time (min)

Figure 5. Breakthrough curves of E. coli from small column experiments carried out at a flow rate of
1 mL (0.20 cm)/min.

3.2.2. E. coli Removal Efficiency in Large Column Experiments

Figure 6 illustrates the E. coli removal efficiencies of the sand and raw and activated hydrochar-
amended columns during the 30 days of experiments with intermittent operation. Similar to the
results from the small column experiments, only the activated hydrochar amendment was effective
at E. coli removal. The removal efficiency of the activated hydrochar-amended column was the
highest (99.7%) on the first day, and declined gently until the last day of the experiment (78.9%). The
sand-only and raw hydrochar-amended columns showed a comparable E. coli removal performance,
in the range of 11.4-57.2%. Table 2 summarizes the overall E. coli removal efficiencies and the effect
of the idle time during the large column experiments. Under all experimental conditions applied, the
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activated hydrochar-amended columns showed greater E. coli removal performances than the other
columns. During 30 days of operation, the sand columns with activated hydrochar supplements
showed an average total E. coli removal efficiency of 91.2%. In contrast, the sand-only and raw
hydrochar-supplemented columns showed an average total E. coli removal efficiency of only 24.4%
and 36.5%, respectively. The effect of the idle time on the E. coli removal was only observed in the
sand-only columns; throughout the experimental period, the removal in the first PV was significantly
greater than that of the second PV. The E. coli removal efficiency in the second PV, which represents
the direct removal of E. coli when passing through the column media, was 17.2%. In contrast, the
removal efficiencies in the first PV (stored in the sand media for 24 or 72 h and thus representing the
effect of the idle time) were 52.1% and 66.9%, respectively. Throughout the experiments, the idle time
had no clear effect on the E. coli removal performance of both types of hydrochar amendments, except
for the 72 h idle time applied to the raw hydrochar-amended columns. Such an extended idle time
increased the E. coli removal efficiency by 14.8%. The direct removal of E. coli (without idle time) was
similar, at ~19% in the second PV in the sand-only and raw hydrochar-amended columns. This
indicates a close correspondence with the results from the small column experiments.

3.0
4-Sand a
2.5
-©-Sand b
=-Rawa
2.0 -©-Raw b
= - Activated a
g 1.5 —>&Activated b
£
o
oy e
g” Lo KN
]
0.5
0.0
)
-0.5
Days

Figure 6. E. coli removal efficiencies from large columns during 30 days of flushing with a flow rate
of 33.3 mL (1.35 cm)/min.

Table 2. Removal efficiency (average% =+ standard deviation) of E. coli in large column experiments
during 30 days of intermittent flushing in duplicate columns of each treatment.

Pore Volume
Content First Second Total
24 h idle 72 h idle
Sand 5214133 (n=46) 669+147 (n=12) 17.2+8645(n=60)  36.5+10.1 (1 = 60)
Raw 23.0+173%t(n=44) 351+129(n=10) 20.0+1255t(n=56) 24.4+10.5%(n=>56)
Activated 92.8+50%(n=46) 92.6+80%(n=12)  90.0+9.1%(n=60)  91.2+7.5%(n=60)

Within each column, values followed by the symbol § are not significantly different using Tukey’s test

at p < 0.05. Within each row, values followed by the same symbol * or  are not significantly different
using Tukey’s test at p <0.05.
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4. Discussion

4.1. Effect of KOH Activation of Hydrochar on E. coli Removal

The performance of an adsorbent mainly depends on its surface, which provides internal pore
structure and adsorptive sites [30]. Several attractive or repulsive forces between E. coli cells and the
adsorbent surface regulate their mutual interaction [31]. Considering the characteristics of E. coli, the
adsorptive removal will be facilitated when the adsorbent possesses a highly porous surface with a
positive (less negative) surface charge and hydrophobic properties. It has been reported that the KOH
activation of hydrochars derived from plant materials increased the surface roughness, resulting in
enhanced heavy metal or E. coli removal from artificially contaminated influents [17,19]. However,
the BET and SEM analyses carried out in this research could not explain the improvement in E. coli
removal efficiency induced by the KOH activation. The modification in the surface morphology of
the hydrochar by the KOH treatment was insignificant (Figure 4). Moreover, the specific surface area
of the activated hydrochar was 27% less than that of the raw hydrochar (See Section 3.1.4).

A possible explanation for the decrease in the specific surface area derived from the KOH
activation and subsequent washing processes can be the collapse of micro and mesopores, resulting
in the development of a macroporous structure on the hydrochar surface. However, a large surface
area of an adsorbent, mainly consisting of micro (<2 nm) and mesopores (2-50 nm), may not be a
direct indicator for efficient E. coli removal, considering the size E. coli cells (~2 pm). Further
investigations on the surface area and surface properties of the macropores are thus recommended
in order to obtain a better understanding of the E. coli removal mechanisms by (KOH treated) biochar.

Because the investigations carried out to compare the characteristics of raw and activated
hydrochar showed only minor differences, the improved E. coli removal performance obtained from
the KOH activation could result from the increase in hydrophobicity of the hydrochar surface, which
enforces the hydrophobic attraction. Hydrochar consists of a hydrophobic core and a hydrophilic
outer surface [26,32]. The KOH activation carried out in this research would have brought more
hydrophobic surfaces into contact with E. coli cells by removing the hydrophilic surface coatings
formed by recondensation and repolymerization of water-soluble substances during the HTC process
[27]. Another possible explanation for the advantageous effect of KOH activation can be an increase
in the surface charge of the hydrochar, which would have weakened the electrostatic repulsion
between E. coli cells and hydrochar surfaces.

4.2. Effect of 1dling Time on E. coli Removal Efficiency

Previous research on slow-sand filtration units under intermittent operation reported a
significant contribution of the idle time to the removal efficiency of bacteria [33]. The observations in
this research on the effect of the idle time in the large sand column correspond well with these studies
(Table 2). During the pause between daily flushing, bacterial surrogates residing in the sand bed were
attenuated.

A more recent research [34] reported an important observation that the activities of the microbial
community in the sand bed were more responsible for the viral attenuation than the physico-chemical
processes. The attenuation of bacteriophages during the idle time increased along with the
maturation of the filter bed, while the filters that operated under the suppression of microbial
activities did not show any significant attenuation [34]. This may, however, not explain our results,
because the bactericidal effect of the idle time observed in this research already existed from the first
batch of the intermittent operation, and it was maintained at a comparable level throughout the 30
days of experiments (Table 2). This discrepancy might be due to differences in experimental
conditions such as the type of influent/test micro-organisms, the size of sand grains, or the presence
of standing water for oxygen infiltration into the filter bed.

Based on our observation, it could be speculated that the extended contact time between E. coli
cells and sand surfaces provided more chances for bacterial attachment due to the motility of E. coli
cells [35] or Brownian diffusion [36]. In contrast, the advantageous effect of the idle time on E. coli
removal was negligible when either raw or activated hydrochar was supplemented in the sand bed.
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The provision of carbonaceous surfaces in the sand medium could have induced more desirable
conditions for E. coli survival, by providing extra nutrients and more protection against external stress
factors [37—40]. In order to clarify the E. coli inactivation mechanism during the idle time, more
investigations on E. coli-surface interactions under static conditions are recommended.

4.3. Potential of HIC-Sand Filters for Pathogen Remouval

Potable water can be provided either by centralized water treatment and supply systems or by
decentralized (point-of-use) technologies that are installed on a house. Decentralized technologies
have been recognized as appropriate options for poor rural communities. Biosand filters (BSF) are an
example of a point-of-use technology that have been applied in developing countries [41]. Since the
formation of a biofilm layer (Schmutzdecke) in a BSF plays a key role in removing microbial agents,
insufficient pathogen removal during the startup (ripening) period is one of the main limitations of
BSE. Previous research on BSF reported only 60-70% of E. coli removal during the ripening period,
i.e., the first 3 weeks of operation [33,42]. Considering the superior E. coli removal efficiency (96.5%)
in the same period, amendments of activated hydrochar to the sand bed would be an attractive option
to overcome the inferior performance of BSF during the startup period. Since the experimental
conditions employed in this research differed from the general BSF design and operational
parameters, extrapolation of the results of this research to supplementation of BSF setups with
hydrochar needs to be done carefully. Accordingly, it is recommended to perform more experiments
employing (i) smaller sand grain sizes (<0.7mm), (ii) standing heads for ensuring sufficient oxygen
supplementation, and (iii) influents with a higher microbial heterogeneity than that of the AGW used
in this study, e.g., surface water from lakes, rivers, or canals [43,44].

Though it is reported that hydrothermal treatment decreased the environmental risk of abiotic
contaminants, such as heavy metals and pharmaceuticals embedded in sewage sludge [45,46], the
release of these contaminants from hydrochar has not yet been investigated. In case the hydrochar
contains considerable amounts of these undesirable compounds, long-term monitoring on the
effluent quality is recommended prior to the practical implementation of BSF supplemented with the
hydrochar adsorbent. The properties of hydrochar are largely determined by parameters such as
reaction temperature, time, and pressure, as well as catalyst and feedstock composition [1]. Further
research on the optimization of these parameters can improve the stability of heavy metals in the
hydrochar [45], and completely degrade the pharmaceutical residues during the hydrothermal
treatment [46].

5. Conclusions

This research evaluated the use of hydrochar derived from stabilized sewage sludge as a low-
cost adsorbent for pathogen removal in water treatment. The activation of hydrochar carried out at
ambient temperatures using a strong alkaline solution increased the adsorptive performance of
hydrochar by removing hydrophilic substances from the hydrochar surface, resulting in an increase
in hydrophobicity of the biochar particles. Supplementation of activated hydrochar in a sand
filtration unit (1.5%, w/w) with a 50 cm bed height yielded an E. coli removal efficiency exceeding 90%
during 30 days of intermittent operation. Pathogen removal based on the use of hydrochar is a new
concept which has not been extensively studied. Its practical implementation in developing countries
still requires follow up investigations on the optimization of the process parameters and the
durability of the filtration unit.
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