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Abstract Hydrochars produced from hydrothermal
carbonisation of faecal simulant (FS) at 180 °C for
30 min and sewage sludge treated via CAMBI process
at 165 °C for 30 min were used for adsorption of organic
pollutants in effluent from an anaerobic digester (AD).
The adsorption potential of the hydrochars investigated
was compared with that of a commercial powdered
activated carbon (PAC). It was found that the CAMBI
and FS hydrochars were effective only after chemical
activation. KOH activation increased chemical oxygen
demand (COD) removal from 33.0 to 59.6% and 75.2%
for FS and CAMBI, respectively. Extra activation with
HCI improved the adsorption efficiency of FS, increas-
ing COD removal to 79.3%, but not for the CAMBI
hydrochar even though its surface area was increased.
Acidic pH aided organics removal for both hydrochars.
PAC adsorption capacity was the highest (>90%), and
this was not affected by pH. All the adsorbents could
successfully remove the organics in a very short time as
30 min. The optimum dosage of the hydrochars to reach
a high uptake of organics was 30.0 g/L. The adsorption
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reaction followed a pseudo-second-order kinetic model
for all the hydrochars. The adsorption onto the
hydrochars correlated well with Temkin isotherm model
and followed a type Il and IV isotherm type, except PAC
which was described by the Langmuir isotherm with a
high adsorption capacity of 400.0 mg/g. The study
demonstrated that hydrochars of FS and CAMBI acti-
vated with KOH are efficient and sustainable adsorbents
for the removal of organics from AD effluent.

Keywords Adsorption - Anaerobic digestion - Biomass -
Hydrochar - Hydrothermal carbonisation

1 Introduction

Anaerobic digestion (AD) of hydrothermal wastewater
or liquid by-products following hydrothermal
carbonisation (HTC) of biomass has gain research inter-
est in recent times (Wirth and Mumme 2013; Danso-
Boateng et al. 2015; Wirth et al. 2015; Nyktari et al.
2017; de La Rubia et al. 2018; Weide et al. 2019).
Studies have shown that the hydrothermal wastewater
can contain high chemical oxygen demands (CODs)
ranging from 10.0 to 40.0 g/L, total organic carbon
(TOC) contents of 5.0-40.0 g/L, and depending on the
feedstock used and the HTC process conditions, carbox-
ylic acids, sugars, phenols, polycyclic aromatic hydro-
carbons and Maillard products such as aldehydes, fu-
rans, pyrroles, pyrazines and pyridines (Wirth et al.
2012; Danso-Boateng et al. 2015). Hence, to minimise
environmental pollution (Nelson et al. 2013) and to
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enhance the energy budget of the HTC process, anaer-
obic digestion of the hydrothermal wastewater to pro-
duce biogas (Danso-Boateng et al. 2015; Tommaso et al.
2015) is a needed.

It has been reported that AD could reduce COD of
the hydrothermal wastewater by 20.0-61.0% (Chen
et al. 2016; Nyktari et al. 2017), with continuous diges-
tion using continuous stirred-tank reactors (CSTR)
resulting in COD degradation rates of 52.0-68.0%
(Wirth et al. 2012; Wirth et al. 2015; Fernandez et al.
2018; Weide et al. 2019). However, previous studies
show that COD contents in the digester final effluent
following AD are still high, with levels between 4.5 and
11.8 g/L (Nyktari et al. 2017), indicating the need for
further treatment before being discharged into the
environment.

Several methods for the treatment of wastewater exist,
namely the use of activated carbons, chemical coagula-
tion/flocculation, oxidation, electrochemical and mem-
brane techniques. However, the removal of organic com-
pounds from aqueous streams by activated carbon via
adsorption has been widely studied as the other methods
have several disadvantages which limit their applications.
For instance, adsorption of malachite green dye by acti-
vated carbon derived from a jackfruit peel (Ibaraj and
Sulochana 2002); methylene blue by activated carbon
derived from a Malaysian bamboo (Hameed et al.
2007); COD removal using activated carbon derived
from a Nigerian-based bamboo (Ademiluyi et al. 2009);
adsorption of dibromochloropropane from well waters
by almond shell-derived activated carbon (Klasson
et al. 2013); and removal of catechol and resorcinol from
aqueous solution using activated carbon derived from
sunflower seed hull residues (Vunain et al. 2018). How-
ever, activated carbons requires extremely high process-
ing temperatures (> 800 °C), which makes it expensive
for use as adsorbents, particularly in developing
countries.

Besides activated carbons, adsorption of dyes from
wastewater using biochars derived from straw and bam-
boo has been reported (Hameed and El-Khaiary 2008;
Mui et al. 2010; Xu et al. 2011; Yang et al. 2014).
Adsorption of phenols by biochars derived from rice
husk, corncob and food waste (Liu et al. 2011; Lee et al.
2019) and adsorption of COD using nanotube-biochar
nanocomposites (Inyang et al. 2014) have been report-
ed. However, like activated carbons, biochar requires
high processing temperature (350-900 °C). This there-
fore limits their large-scale application due to the high
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costs (Alatalo et al. 2013; Ramavandi and Farjadfard
2014).

Research in recent times has been focusing on sub-
stitutes of biochar and activated carbon (Mohan et al.
2014), with a particular interest in HTC. In contrast to
conventional pyrolysis to produce biochar, HTC re-
quires moderate processing temperatures (typically,
180-250 °C) (Funke and Ziegler 2010). Depending on
the applied process conditions, carbon recovery in the
final carbonised solids (called ‘hydrochar’) can be very
high (Titirici and Antonietti 2010; Parshetti et al. 2013;
Danso-Boateng et al. 2015). Also, hydrochars and bio-
chars have different chemical structures because of the
different processing conditions applied in both methods
(Cao et al. 2010; Titirici and Antonietti 2010; Titirici
et al. 2012). Sun et al. (2011) reported that biochars and
hydrochars have different sorption abilities due to the
differences in their chemical composition, physical
structures and polarity.

A few studies have reported the use of hydrochars for
the removal of organic contaminants from aqueous so-
lutions. Hydrochars derived from activated sludge have
been reported as adsorbents for the removal of dye
(Crini 2006) and pathogens (Chung et al. 2015; Chung
et al. 2017) in wastewater. Sun et al. (2011) investigated
adsorption of bisphenol A, 17a-ethinyl estradiol and
phenanthrene by hydrochars derived from swine solids
and poultry litter and found that both adsorbents exhib-
ited higher sorption capacity than biochars derived from
the same materials at 400 °C. However, the potential
mechanism underlying the sorption capacity of the
hydrochars was not studied in their work. Unlike organ-
ic contaminants, more studies have reported the adsorp-
tion of heavy metals by hydrochars derived from differ-
ent materials (Inyang et al. 2012; Lu et al. 2012; Chung
et al. 2015; Fang et al. 2015; Koottatep et al. 2017).
However, unlike heavy metals adsorption, studies into
the application of hydrochars for removal of organic
contaminants are in developing stages.

The limited information on the exact mechanism of
adsorption of organic pollutants onto hydrochars makes
it essential to conduct further research in this area. Also,
most of the studies centred on the removal of certain
contaminants from synthetic wastewater. Real wastewa-
ter is more complex and contains several different or-
ganic compounds (Tan et al. 2015). Particularly, the
composition of HTC wastewater is very complex
(Danso-Boateng et al. 2015) as a result of the organic
compounds generated during the HTC process. Also,
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unlike lignocellulosic biomass, sewage sludge is very
complex consisting of carbohydrate (fibre), protein, fat
and inorganics (nitrogen, minerals and phosphorus)
(Yakovlev and Voronov 2002). Hence, sorption charac-
teristics of sewage sludge—derived hydrochars will dif-
fer from those of lignocellulosic biomass.

So far, studies into the circularity of the HTC process
are not yet available in literature. A complete process of
HTC-AD followed by adsorption using the same solids
(hydrochar) from the basic process to ensure that no
harmful waste is being discharged to the environment
will promote economic circularity. This would render
sewage sludge treatment via integrated HTC-AD-ad-
sorption, a sustainable and green technology, especially
for developing countries.

This study therefore investigates the sorption capac-
ity of hydrochars produced from faecal simulant and
sewage sludge. There is limited information in literature
examining the potential of hydrochars of sewage/faecal
sludge for removal of organic contaminants in HTC
wastewater and/or effluents of wastewater following
anaerobic digestion of HTC liquid by-products. There-
fore, the specific objectives of this study are to investi-
gate the (i) potential of sewage and faecal sludge
hydrochars in removing organic pollutants, represented
by COD and TOC; (ii) effect of pH on adsorption
capacity/efficiency; (iii) effect of retention time on ad-
sorption efficiency; (iv) effect of adsorbent dosage on
adsorption efficiency; (v) effect of chemical activation
on adsorption efficiency and (vi) the mechanisms ac-
counting for their sorption capacity. To understand the
physicochemical properties of the hydrochars, they will
be characterised using scanning electron microscopy
(SEM), surface area and pore size distribution, and
Fourier transform infrared (FTIR) spectrometry.

2 Materials and Methods
2.1 Adsorbents and Wastewater

Powdered activated charcoal (PAC) 4-8 mesh used as a
benchmark was supplied by Sigma-Aldrich, USA. It
was an untreated, granular carbon with a particle size
of 2.4-4.6 mm and BET surface area of 993 m?%/g.
Thermally treated sewage sludge following the
CAMBI process was collected from Anglian Water
plant (Milton Keynes, UK). The process followed in
the CAMBI process is hydrothermal treatment (HT) of

activated sludge at 165 °C for 30 min before AD. The
CAMBI sludge was collected after HT but before the
AD stage. The HT CAMBI sludge was filtered through
a 125-um sieve by gravity, rinsed with methanol to
remove any organics, then rinsed again with deionised
water to remove the methanol and finally dried at
105 °C for 24 h to obtain the CAMBI hydrochar.

Faecal simulant (FS) was produced by following the
recipe by Wignarajah et al. (2006), which contained
cellulose (37.5%), yeast (37.5%), peanut oil (20.0%),
KCl (4%), Ca(H,POy), (1.0%) (all purchased from
Sigma-Aldrich, UK) and tap water—which constituted
90% (wt) of the FS. The FS hydrochar was produced by
HTC of'the FS-water mixture at 180 °C for 30 min using
a 5-L capacity internally designed hydrothermal reactor.
After HTC, the carbonised solids were filtered through a
60-pm sieve to obtain the hydrochar. Similarly, the FS
hydrochar was further rinsed with methanol, followed
by deionised water, and finally, dried at 105 °C for 24 h.

The wastewater was an effluent from a previous work
on AD of the liquid by-product following HTC of FS
(Nyktari et al. 2017).

2.2 Chemical Activation

The purpose of the KOH activation was to enhance the
adsorption capacity of the hydrochars. This was done by
soaking each hydrochar in a 1.0 M KOH solution at a
temperature of 60—70 °C, and then stirred for 1 h. After
this, it was rinsed with deionised water until the pH
became neutral and dried at 105 °C overnight. The
resulting adsorbents are termed, ‘FS + KOH’ and
‘CAMBI + KOH’. An extra HCI activation was carried
out after the KOH activation to remove the inorganics
by following the same steps as in the KOH activation,
producing FS + KOH + HCl and CAMBI + KOH + HC1
hydrochars. All the hydrochars after the treatments were
stored in a cold room at 4 °C.

2.3 Material Characterisation
2.3.1 Surface Area and Pore Size Distribution

The surface areca and pore size distribution of the
hydrochars were analysed using a surface area and
porosity analyser (TriStar 3000, Micrometrics Instru-
ment Corporation, USA). The samples were initially
outgassed under dynamic vacuum at 110 °C to remove
any residual water and organics. The samples were
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analysed under liquid N, as the adsorbing gas at —
196 °C (77 K) in regulated amounts. The quantity
adsorbed was automatically analysed using the multi-
point Brunauer-Emmett-Teller (BET) method. The
Barrett-Joyner-Halenda (BJH) adsorption-desorption
isotherm method (Barrett et al. 1951) was used to deter-
mine the pore size distribution.

2.3.2 FTIR Spectroscopy Analysis

The functional groups in the hydrochars were analysed
using a FTIR spectrometer (Nicolet 6700, Thermo Fish-
er Scientific, USA) at a wavenumber between 4000 and
500 cm ' using 16 scans. A few grams of the dry
hydrochars were placed on the platform and compressed
to ensure that the sample was in good contact with the
attenuated total reflectance crystal. To check the clean-
liness of the sample platform, a blank was initially
examined by wiping the sample platform and analysing
without placing any sample on it. This step was repeated
before the analysis of each sample was conducted.

2.3.3 SEM Analysis

The morphology of the hydrochars was examined using
a field emission gun SEM analyser (LEO 1530 VP
FEG-SEM, Carl Zeiss, Germany), which was operated
at 5.0 kV, 15 mA and 20 mTorr for 5 min. Before the
SEM analysis, each hydrochar sample was fitted on a
12.5-mm aluminium stub using conductive adhesive
carbon tabs, and then sputter coated with gold/
palladium to produce a 5.0-10.0-nm conductive layer.
The working distance was set between 15.00 and
18.50 mm. The SEM images of the hydrochars were
analysed at different magnifications such as x 100, x
250, x 1000 and x 2000; and the clearer images were
further examined.

2.4 Adsorption Experiments

Adsorption experiments were conducted by using an
adsorbent dose of 3.0 g per 100.0 mL of wastewater
for all experiments, apart from isotherm study. Each
hydrochar (3.0 g) and the wastewater (100 mL) were
put in a 250-mL conical flask and placed in a mechan-
ical shaker (Gallenkamp Orbital Incubator-cooled Shak-
er, INR-200 INR-250, Netherlands). The samples were
then mixed at a constant speed of 150 rpm at a room
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temperature (21 +1 °C) for the required contact times,
which ranged from 10 to 1440 min.

At the end of each experiment, the wastewater-
adsorbent mixture was centrifuged at 1000 rpm for
10 min using an Eppendorf centrifuge (Eppendorf
5804, Hamburg, Germany), and the supernatant solution
was collected for analysis of COD and TOC concentra-
tions (see section 2.4.1 COD and TOC Analysis).

To investigate the effect of pH on the adsorption capac-
ity of the hydrochars, experiments were conducted at pH of
2, 5 and 9, by using 1.0 M HCI or NaOH solutions to
adjust the pH to the desired values. The same adsorbent
dose 0f 30.0 g/L of wastewater was used. After adsorption,
samples were taken at different contact times, and the COD
and TOC concentrations of the effluent were analysed as
explained in section 2.4.1. COD and TOC Analysis.

The effect of adsorbent dosage on adsorption effi-
ciency was investigated by varying the adsorbent dose
in range 1.0-70.0 g/L by maintaining the natural pH of
the hydrochars.

2.4.1 COD and TOC Analysis

Total and soluble COD of the effluents following ad-
sorption were analysed using a COD Analyser (Palintest
2000 and 20,000 mg/L, Palintest Ltd., UK) according to
the procedure of Standard Methods 5220 D. TOC was
determined using a TOC Analyser (DC-190,
Rosemount Dohrmann, USA) as described by Standard
Methods 5310 B. When necessary, the effluent of the
adsorption experiments was diluted by ratio of 1:10. All
analyses were done in triplicates.

2.4.2 Adsorption Capacity

COD and TOC removal efficiency were calculated by
using Eq. (1) below.
Co—C,
Removal efficiency (%) = (Ocie) x 100 (1)
0

where Cj is the initial COD or TOC concentration (mg/
L) and C. is the equilibrium COD or TOC concentration
(mg/L).

The TOC or COD uptake per gram of sorbent was
determined as follows:

_ GGy 2)

9e
m
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where ¢. is the equilibrium adsorption capacity (mg/g),
m is the dry weight of the adsorbent (g) and V is the
volume of wastewater.

2.4.3 Adsorption Kinetics

The following kinetic models, in linear forms, were used
in this study:
Pseudo-first-order model:

log(q.—q,) = logg.—kt (3)
Pseudo-second-order model:

t 1 t
—_—— 4+ — 4
¢ (k2 q%) 4. )

Intraparticle diffusion model:
¢ =kst'? + C (5)

Elovich model:

0= n(aB) + 51n() (©
where ¢,is the amount of TOC adsorbed at time 7 (mg/g),
and &, (min ') and k» (g/mg min) are the pseudo-first-
order and pseudo-second-order adsorption rate con-
stants respectively, k3 (mg/g min'") is the intraparticle
diffusion rate constant, o (mg/g min) is the initial ad-
sorption rate and /3 (g/mg) is the adsorption constant. In
Eq. (3), a plot of In(g. — g;) vs. t should yield a slope of
— k; and an intercept of In(q.). In Eq. (4), a plot of #/g, vs.
t should give a slope of 1/g. and an intercept of 1/(k.
), whilst Eq. (5) should yield a slope of &3 and an
intercept of C. A plot of ¢; vs. In(?) in Eq. (6) should
produce a slope of 1/3 and an intercept of 1/3 In (a3).

2.4.4 Adsorption Isotherms
The adsorption mechanism was investigated by using

the isotherms below.
Freundlich isotherm:

g. = KrC:'/ (7)

logg. = log K + <l/n)log C. (8)

where K is the relative adsorption capacity of the
adsorbent (mg/g) and n is a constant related to

adsorption intensity. The sorption data were analysed
using the linear form of the model (Eq. 8).
Langmuir isotherm:
b qm Ce

“=Tihc, ®

1 1 1 1

= 4 10

g4e by Ce gy 1)
where ¢,, is the complete monolayer on the surface
bound at high C, (mg/g) and b is the Langmuir constant
(L/mg). The sorption data was analysed according to the

linear form of the model (Eq. 10).

Temkin model:
RT
de. = b—ln(ATCe) (11)
T
RT RT
e = —InAr + | — | InC, (12)
br br

where R is the universal gas constant (8.31441 J/mol K),
T is the absolute temperature (K), A7 is the Temkin
isotherm constant (g/mg) and b7 is the Temkin constant.
The linear form of the Temkin isotherm (Eq. 12) was
used to analyse the sorption data.

3 Results and Discussion
3.1 Surface Morphology

SEM images of the hydrochars are shown in Figs. 1 and
2. The SEM images of CAMBI hydrochars (Fig. 1)
show rougher surfaces than those of FS hydrochars
(Fig. 2), which may be due to the comparably complex
composition of the actual (CAMBI) sludge. As shown
in Fig. 1b, c, e, f, the KOH and HCI activation of the
CAMBI hydrochar resulted in the production of thinner
fibres. For the FS hydrochar, the KOH activation
smoothened the surface (Fig. 2b, e), which is more
evident with the additional HCI treatment shown in
Fig. 2¢, f.

3.2 Specific Surface and Pore Size Distribution

Table 1 shows the results of BET surface area, total pore
volume and BJH adsorption/desorption pore diameter of

@ Springer
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Fig. 1 SEM images of CAMBI sludge hydrochars: (a, d) no activation; (b, ) KOH-activated and (¢, f) KOH + HCl-activated

non-activated and activated FS and CAMBI hydrochars.
All the hydrochars were found to have a pore size width
in the range of mesopores (1.5 + 1.6<r<
100 + 200 nm). This mesopore classification follows

@ Springer

the Thomson-Kelvin capillary condensation equation,
which allows monomolecular, polymolecular and final-
ly, pore-filling through capillary condensation
(Zdravkov et al. 2007).
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Fig. 2 SEM images of FS hydrochars: (a, d) no activation; (b, ¢) KOH-activated and (¢, f) KOH + HCl-activated

The chemical activations improved the surface area HCl activation increased the surface area of the CAMBI
of the hydrochars with CAMBI being most enhanced. hydrochar by 3.2 times, whilst that of the FS hydrochar
KOH activation increased the surface area of CAMBI increased by 2.5 times. Hence, it can be concluded that
hydrochar by 2.8 times compared with that of the FS, alkaline and acidic activations physically alter the mor-

which did not have any significant increase. The extra phological properties (as indicated by the SEM results)
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Table 1 Surface and pore size characteristic of CAMBI and FS-activated and non-activated hydrochars

Hydrochar samples BET surface area Total pore volume BJH adsorption average pore BJH desorption average pore
(m?/g) (cm’/g) size width (4 V/A) (nm) size width (4 V/A) (nm)
CAMBI non-activated 0.95 0.047 10.85 20.85
CAMBI + KOH 2.75 0.013 12.09 9.67
CAMBI + KOH + HCI 8.72 0.037 11.69 10.75
FS non-activated 0.41 0.001 10.01 13.57
FS + KOH 0.46 0.001 7.83 11.41
FS + KOH + HCl 1.17 0.003 8.84 11.29

and the pore characteristics of sewage/faecal sludge
hydrochars.

The surface area of the benchmark PAC (993 m%/ g)is
significantly higher than the range of values obtained for
the hydrochars even after chemical activation. Chung
et al. (2017) reported higher surface area of 25.3 m*/g
for hydrochar of sewage sludge, which in contrast to the
results in this study was decreased to 18.5 m*/g follow-
ing KOH activation.

3.3 Surface Functional Groups

FTIR spectra of CAMBI (Fig. 11 in the Appendix)
show similar peaks for the non-activated hydrochar
and the activated (KOH and KOH + HCI)
hydrochars. This indicates that the chemical acti-
vation did not appreciably alter the composition of
the surface functional groups of the hydrochars.
The broad bands between 3200 and 3400 cm '
could be due to OH stretching vibrations in the
hydroxyl and carboxyl groups. The features at
around 2916 and 2849 cm ' are attributed to ali-
phatic C—H stretching vibrations. Two bands at
1600 and 1500 cm™' can be due to C=C rings
(stretching vibrations), and consequently, those at
1330-1430 cm ™' could be attributed to O—H bend-
ing. The bands between 1800 and 2300 cm !
showing in the non-activated and KOH-activated
hydrochars may be noise signals.

After activation, a less intense vibration of C—H was
detected at the bands between 2850 and 2920 cm ™. This
could be due to OH deprotonation of the CAMBI
hydrochar surface, which moreover remained after the
further treatment with HCl. To summarise, the CAMBI
hydrochars contain carboxyl acids groups and
derivatives.

@ Springer

The spectra for the FS hydrochars (Fig. 12 in the
Appendix) is similar to the CAMBI ones, because the
materials are comparable. Similarly, wide bands at
3200-3400 c¢cm ' and sharp features at 2851—
2969 cm ', respectively correspond to OH stretching
and C—H stretching vibrations. After activation, the OH
stretch band was more intense than the C—H and C=0
bands, which was strongly observed after the FS + KOH
hydrochar was further treated with HCI. The remaining
bands at 16501550 cm ™' and at 1400 cm™' could be
attributed to C=0 and C=C bonds.

3.4 Adsorption Efficiency

Effluent of the anaerobic digestion of HTC wastewater
contained TOC levels of 3.4 g/L and COD of 15.0 g/L.
FS hydrochar (non-activated) was used to conduct the
initial set of tests. This resulted in a COD removal of
18.0-33.0% and that of TOC of 41.0-44.0% for a
contact time of 4-6 h. However, the results were not
satisfactory as the effluent still contained high levels of
COD between 10.1 and 12.3 g/LL and TOC of about
2.0 g/L. The maximum compliance limit of COD
allowed in wastewater before discharge is 0.25 g/L O,
(UKEA 2019). Also, there were high fluctuations in the
results, and the reproducibility was poor.

Activation of hydrochars has been found to improve
adsorption capacity. KOH has been reported as an ef-
fective activation additive (Spataru et al. 2016;
Koottatep et al. 2017). HCI has also been found as an
additional additive, after addition of KOH (Hameed
et al. 2007; Qiu et al. 2009; Sevilla and Fuertes 2011)
or during the HTC process, to improve the adsorption
efficiency of hydrochars. However, these studies have
objectives different from those of the present study,
although their findings on KOH and HCI activations
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are useful for comparison with that of this work. Hence,
in the next experiments, the hydrochars were activated
to obtain KOH hydrochars and KOH + HCI hydrochars
of CAMBI and FS.

3.4.1 Effect of Activation on Adsorption Efficiency

Figure 3 shows TOC removal after activation of the
CAMBI and FS hydrochars. The chemical modification
improved the adsorption efficiency of the hydrochars,
increasing the percentage of COD and TOC removed.
Adsorption was stable for the KOH- and HCl-activated
hydrochars as compared with the unstable results ob-
served for the non-activated hydrochars. COD removed

increased to 60.0% for the FS + KOH hydrochar and
Fig. 3 Percentage of TOC 75
removal for activated hydrochars
at natural pH of the effluent: (a)
CAMBI hydrochars and (b) FS
hydrochars

70 -

65 -

60 -

%TOC removal

55 -

75.0% for the CAMBI + KOH hydrochar compared
with 18.0-33.0% for the unmodified hydrochars. As
explained in section 3.2 Specific Surface and Pore
Size Distribution, chemical activation enhanced the
surface characteristics of the hydrochars shown in the
BET surface areas and pore size results in Table 1, but
it did not alter the composition of the surface functional
groups (section 3.3 Surface Functional Groups).
Hence, it can be said that the improvement of
adsorption efficiency after KOH activation was due to
the increase in the surface area and pore size of the
hydrochars that provided adequate adsorptive sites and
internal pore structure for adsorption, but not caused by
the change in composition of the surface functional
groups.

(a) —e—KOH

—4—KOH+HCI

70

60

50 -

40 -

30 -

%TOC removal

20
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L L] T T L L 1

60 90 120 240 360 1440
Time (min)
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(b)

—o— KOH
—+— KOH+HCL

T T T T T T 1
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Time (min)

30
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However, for the FS + KOH hydrochar, the increase
in surface area was not significant, which may explain
the less improvement in the adsorption of COD and
TOC compared with that of CAMBI + KOH, although
the amelioration is remarkably higher than that of the
unmodified FS hydrochar. A possible reason could be
due to the change in the hydrophobicity of the FS
hydrochar surface as the KOH treatment may have
activated more hydrophobic sites. This is because
hydrochar is generally characterised by a hydrophobic
interior, which is stabled banded with the hydrophilic
external surface (Sevilla and Fuertes 2009; Roldan et al.
2012), and the main component of wastewater is found
to be hydrophobic (Khan et al. 2013). Chung et al.
(2017) reported an increase in Escherichia coli removal
even though there was a decrease in the surface area of
the sewage sludge hydrochar activated with KOH.

The additional HCI activation did not significantly
improve the efficiency of the adsorption capacity of the
CAMBI hydrochar, remaining almost alike, about
64.0% and 76.0% for the highest TOC and COD
adsorbed, respectively. This is inconsistent with the
BET results, as surface area of the CAMBI + KOH +
HCI hydrochar was found to be 3 times higher than that
of the CAMBI + KOH hydrochar. However, the further
HCI activation enhanced the adsorption capacity of the
FS + KOH hydrochar and stabilised its performance,
with 79.0% of the initial COD adsorbed, an increase of
21.0%. This result is supported by the surface area
results, as the surface area of the FS + KOH hydrochar
was increased by 2.5 times after the extra HCI treatment.

It must be noted that these experiments were con-
ducted by maintaining the natural pH conditions, which
were between 7.8 and 8.0.

3.4.2 Effect of pH on Adsorption Efficiency

One of the important parameters that could influence
adsorption is pH. Hence, the effect of pH on removal of
TOC (i.e. the ratio of remaining to initial TOC concen-
tration) was investigated. As shown in Fig. 4, the ad-
sorption capacity of the activated hydrochars of CAMBI
and FS decreased significantly as the pH increased from
2 to 9. This means that an anion sorption may be taking
place, and the surface of the hydrochars is cationic type,
which is predominant with H*. At higher pH, the OH~
ions present compete with the organics for binding sites
on the hydrochar surface, resulting in lower sorption
capacity. At lower pH, however, the H" ions in the
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wastewater did not interfere with the sorption of the
organics, which increased their removal, most likely
by ion exchange sorption.

The PAC resulted in the highest removal efficiency of
organics, which was equivalent to 88.0-278.0 mg/L of
the TOC measured in the effluent. As shown in Fig. 4e,
the change in pH did not significantly affect the adsorp-
tion capacity of the PAC.

3.4.3 Effect of Contact Time on Adsorption Efficiency

The results presented in Fig. 5 and Table 2 indicate
that contact time and additional HCI activation of FS
+ KOH and CAMBI + KOH hydrochars did not have
significant effect on the removal of organic pollutants
from the AD effluent. To investigate the probability of
a fast COD removal due to chemical precipitation, an
experiment was performed without using any
hydrochar with and without the addition of HCI at a
low pH. However, there was no COD removal. This
might be because the reaction was rapid and occurred
before the 30 min, so it was not possible to record in
this work. Chung et al. (2017) made a similar obser-
vation when using sewage sludge—derived hydrochar
activated with KOH for the removal of Escherichia
coli. A further investigation would be required to
explain these reactions; however, this is beyond the
scope of this work.

3.4.4 Effect of Adsorbent Dose on Adsorption Efficiency

In order to investigate the influence of adsorbent dose on
removal of organics from the AD effluent, adsorption
was carried out using adsorbent doses between 1.0 and
70.0 g/L for a contact time of up to 1440 min. PAC and
KOH + HCI hydrochars were used as the combined
activations have resulted in increased COD/TOC re-
moval. As shown in Fig. 6, for PAC, COD removal
increased steadily with increasing adsorbent dose up to
30.0 g/LL and remained constant afterwards. However,
increasing the dose of CAMBI and FS hydrochars did
not affect COD removal as it remained nearly constant
between 10 and 70 g/L. The possible reason is not
known, although it could be an interference during the
adsorption process or the suitable range of doses were
not used. Hence, a further study may be needed to
understand this trend.
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Fig.4 Effect of pH on TOC adsorption capacity using activated CAMBI and FS hydrochars and activated carbon: (a) CAMBI + KOH; (b)
CAMBI + KOH + HCI; (¢) FS + KOH; (d) FS + KOH + HCl and (e) powdered activated carbon (PAC)

3.5 Adsorption Kinetics

In this work, the pseudo-first- and -second-orders,
intraparticle diffusion and Elovich kinetic models (shown
in Figs. 7 and 8) were used to study the adsorption of
organic pollutants in AD effluent. Of all the kinetic models
used in this study, the experimental data satisfactorily fit
onto the pseudo-second-order kinetic model compared
with the other models. The high R values obtained are
shown in Fig. 7d—f and Table 3, and the kinetic constants

calculated for each adsorbent at pH 5 presented in Table 3.
The results indicate that the adsorption took place by
chemisorption mechanism rather than physisorption. This
means that a chemical bond was the attracting force be-
tween the adsorbents and the adsorbate, and that the
molecules accumulated and formed a monolayer.

The range of values report for the kinetic constant, £,
differs. For example, Verma et al. (2014) using GAC
obtained a k value of 8.9 x 10°°* g/mg min for COD
adsorption, whilst Aluyor and Badmus (2008) reported
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k values of 3.52 and 0.0499 g/mg min, and Koottatep
et al. (2017) had a & value of 0.0034 g/mg min for the
adsorption of Cu. The constants obtained from this

Table 2 TOC and COD removal efficiency by activated CAMBI
and FS hydrochars at pH 5

Adsorbents % Removal

TOC COD
CAMBI + KOH 73.8 (£2.59) 79.5 (£2.77)
CAMBI + KOH + HCl 70.6 (£1.92) 78.6 (£2.32)
FS + KOH 57.9 (£4.01) 70.2 (£3.56)
FS + KOH + HCl 56.2 (£3.28) 77.6 (£2.86)
PAC (neutral pH) 98.6 (£1.19) 90.8 (£2.19)
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Time (min)

study are within the range of values reported by
Koottatep et al. (2017), but the absorbates are different
s0 no clear comparison can be made with their studies.

The CAMBI hydrochars have higher values of the
amount adsorbed at equilibrium (q.) compared with that
of FS and PAC. For both CAMBI and FS, the ¢, values
were higher after the extra HCI treatment, which means
that the additional HCI activation of FS and CAMBI
hydrochars increased the amounts of organics adsorbed
at equilibrium. The extremely lower g, value of the FS +
KOH hydrochar means that a higher dose of this adsor-
bent would be needed in order to achieve efficient
adsorption. However, Aluyor and Badmus (2008), in
their work using activated carbon from horn in a dose
of 90 g/L, obtained a low ¢, of 0.7224 mg/g but
achieved a high COD removal of about 95.0%, which



Water Air Soil Pollut (2020) 231:192 Page 13 of 23 192
Fig. 6 Effect of adsorbent dose 100 - g -9
on the percentage of COD
removed for CAMBI and FS 90 -
hydrochars activated with KOH —_
and HCI, and PAC for adsorption § 80
at pH 5 and a contact time of g
1440 min ® 70 4
8
O 60 —e—CAMBI
ES
50 4 --—FS
——PAC
40 T T T T T T T 1

may be due to the generally high BET surface area of
activated carbons.

Intraparticle diffusion model may also describe the
adsorption of the organic contaminants onto CAMBI
hydrochar activated with KOH (i.e. CAMBI + KOH) as
a reasonably high R? value of 0.972 was obtained (Fig.
8b). However, the linear plot did not pass through the
origin, which is an indication of some degree of bound-
ary layer control (Arami et al. 2008), and this further
means that intraparticle diffusion was not the only rate-
controller step, but rather, pseudo-second-order kinetic
model controlled the rate of adsorption, and all of which
may have operated simultaneously.

The Elovich equation, which also describes second-
order kinetics or chemisorption process, may also de-
scribe the adsorption of the organic contaminants onto
the CAMBI hydrochars activated with KOH and HCl
(Fig. 8¢ and Table 3). This model assumes that the actual
adsorbent surfaces are energetically heterogeneous.
However, the initial adsorption rates (c) were too large
to calculate, and the desorption constants (/3) have neg-
ative values, which indicate that the Elovich equation
cannot be used to propose the adsorption kinetics of the
CAMBI activated hydrochars.

3.6 Adsorption Isotherms

The adsorption isotherms describe how the adsorbates
interact with the adsorbents. In order to investigate the
adsorption capacity of organic pollutants in the AD
effluent onto FS and CAMBI hydrochars and PAC, the
experimental data were fitted to the three most common
isotherm models for describing solid-liquid adsorption
processes as shown in Fig. 9. In general, it was difficult

10 20 30 40 50 60 70 80
Adsorbent dose (g/L)

to obtain a better fit to the adsorption isotherms, which
may be due to the complex nature of AD effluent used in
this study, which contained several organics. According
to Tan et al. (2015), the adsorption mechanism of a
complex wastewater may combine with other types of
interactions such as electrostatic attraction, hydrogen
bonding, pore-filling and hydrophobic interactions.

Initially, the COD data were used, but that did not
yield meaningful plots. Also, an attempt was made to
use the Redlich-Peterson isotherm model, which is a
hybrid and combines elements from both the Langmuir
and Freundlich equations, but all plots had negative
slopes. Hence, this isotherm model was not considered
in this study.

The isotherm parameters presented in Table 4 indicate
that except for FS + KOH hydrochar and comparatively
PAC, the Freundlich and Langmuir isotherm models pro-
duced high correlation coefficient, R? values (> 0.9). Also,
the Freundlich isotherm model gave a high R* value (>
0.9) for adsorption using FS + KOH + HCI hydrochar.
However, for a satisfactory adsorption, the Freundlich
constant n (which represents the energetic heterogeneity
of the adsorption sites) should take values in the range 1.0—
10.0. Hence, adsorption of organic pollutants in the AD
effluent onto FS and CAMBI hydrochars and PAC does
not match well with the Freundlich isotherm model. For
PAC, the n value is 1.29 and K = 5.00 mg TOC adsorbed/
g PAC, which is lower than values reported by Aluyor and
Badmus (2008) for COD adsorption with a similar mate-
rial; Kcac of 13.71 for commercial activated carbon
(CAC) and Ky of 9.86 mg/g for activated carbon from
animal horn (ACH).

The Langmuir isotherm model (Fig. 9¢) produced neg-
ative intercept values for adsorption using CAMBI +

@ Springer
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Fig. 7 Pseudo-first-order (a—c) and pseudo-second-order (d—e) ad-
sorption kinetic models using hydrochars and activated carbon for
TOC adsorption at pH 5: (a) FS + KOH + HCI, pseudo-first-order;
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(b) CAMBI + KOH + HCI, pseudo-first-order; (¢) PAC, pseudo-
first-order; and (f) PAC, pseudo-second-order. The variables x and y
in the linear regression equations have been defined in Table 3
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PAC, Elovich model. The variables x and y in the linear regression
equations have been defined in Table 3
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Fig. 9 Adsorption isotherms of TOC adsorption at pH 5: (a)
Freundlich model for FS and CAMBI hydrochars; (b) Freundlich
model for PAC; (¢) Langmuir model for FS and CAMBI

KOH, FS + KOH + HCI and CAMBI + KOH + HCI,
which in addition to negative parameters shown in Table 4

hydrochars; (d) Langmuir model for PAC; (e) Temkin model for
FS and CAMBI hydrochars and (f) Temkin model for PAC

indicate that the data do not match with Langmuir model.
Langmuir model for adsorption using FS + KOH resulted
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Table 4 Analysis of adsorption of organic pollutants on faecal sludge and CAMBI hydrochars based on different adsorption isotherm

models
Isotherm model Parameter Adsorbents (hydrochars)
FS + KOH CAMBI + KOH FS + KOH + HCI CAMBI + KOH + HCl PAC

Freundlich n 0.492 0.123 0.134 0.155 129
Ky (mg/g) 1.73x107° 1.64 x 1072 9.68 x 10720 3.03x107"7 5.00
R 0.204 0.940 0.926 0.939 0.864

Langmuir b (L/mg) 1.67x10°* -899x107* -120%x107 -1.01x107 0.02
Gm (mg/g) 22222 -25.13 -20.79 -23.87 400.00
Ry 0.66 -0.26 -0.21 024 0.02
R 0.109 0.929 0.784 0.917 0.785

Temkin br 6.51 0.70 1.08 1.55 6.14
At (g/mg) 8.24x 107" 126x107° 1.69x 1072 1.55x107° 0.05
R 0.143 0.654 0.939 0.653 0.693

in a very low R* value, but the efficiency of adsorption
(Ry) value (0.66) is less than 1. This means adsorption of
organic pollutants onto FS + KOH may be favourable
according to the Langmuir isotherm model. The lowest
Ry value corresponds to the commercial PAC with rela-
tively higher R value and higher adsorption capacity (¢,
which indicates a favourable behaviour towards TOC
adsorption. Generally, a good sorbent requires low values
of b and high values of ¢, (Kim et al. 2018).

The efficiency of the adsorption process was predict-
ed by the dimensionless equilibrium parameter, Ry
which is defined by the following equation:

1

R ——
LTy bG,

(13)
where Cj is the initial TOC level in the AD effluent (mg/
L). The adsorption is considered irreversible when R =
0, favourable when 0 < Ry < 1, linear when Ry = 1, and
unfavourable when R; > 1.

As shown in Fig. 9¢) and Table 4, Temkin adsorption
model favours KS + KOH + Cl hydrochar with a higher R>
value than that of the Freundlich model. Also, because
Langmuir and Freundlich models were not favourable for
CAMBI + KOH and CAMBI + KOH + HCI hydrochars,
although the R values from Temkin model is relatively
moderate (>0.6), the adsorption process with both
hydrochars could be taken to follow the Temkin model.
The Temkin model (Temkin and Pyzhev 1940) suggests
that because of adsorbate-adsorbate interactions, the heat
of adsorption should decrease linearly with the surface
coverage. The application of the Temkin model is relevant
because the oxygenated surface groups discussed in
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section 3.3 Surface Functional Groups makes the
adsorbate-absorbate interactions relevant in the adsorption
of organics onto the hydrochars.

In order to understand the adsorption isotherm better,
the data obtained from the BET adsorption analyses
were used to plot the isotherm graphs presented in
Fig. 10. The plots correlated well with the adsorption
isotherm types II and IV of the BET adsorption theory,
which do not follow the Langmuir constrains. This
indicates that the adsorption was polymolecular in the
microporous hydrochars and formed because of the
interactions between the hydrochar surface and the ad-
sorbate. This supports the earlier discussion in section
3.2 Specific Surface and Pore Size Distribution that the
hydrochars have mesopore pore size, allowing mono-
molecular, polymolecular and pore-filling through cap-
illary condensation. The intermediate region in the iso-
therm, particularly evident in Fig. 10a and ¢ corresponds
to monolayer formation, which is followed by the for-
mation of multilayers. The BET isotherm parameter, C,
must be larger than 1.0 which is confirmed for all the
hydrochars, as shown in Table 5.

4 Conclusions

This study showed that hydrochars produced from sew-
age sludge (CAMBI) and faecal sludge (FS) are poten-
tial adsorbents for the removal of organic pollutants
from an effluent following anaerobic digestion (AD) of
HTC wastewater. For both CAMBI and FS hydrochars,
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Table 5 BET isotherm parameter C for the CAMBI and FS
hydrochars

Parameter Adsorbents (hydrochars)

CAMBI CAMBI CAMBI SF SF+ SF+
+KOH + KOH KOH KOH
+ HCl + HCI
C ratio 23.19 27.27 29.35 17.57 16.23 38.83

KOH activation was necessary to stabilise their
adsorptivity and improve their efficiency for the remov-
al of organic pollutants from the AD effluent. Extra HCI
treatment was needed to improve the adsorption capac-
ity of FS + KOH hydrochar to increase COD removal to
79% compared with 60% after KOH activation, which
was contrary to the CAMBI + KOH hydrochar.

Except the benchmark PAC, low pH values increased
the adsorption capacity of CAMBI and FS hydrochars
activated with KOH and HCI, meaning adsorption of
organics was by anion sorption. The kinetics parameters
suggested that the adsorption process followed a pseudo-

Appendix

second-order kinetic model. For all adsorbents, the adsorp-
tion process correlated well with types I and IV isotherms,
proposing a monolayer followed by a multilayer adsorp-
tion, with the equilibrium data of CAMBI and FS
hydrochars treated with KOH and HCI described by
Temkin isotherm model, whilst PAC favoured the Lang-
muir isotherm model. Therefore, hydrochars derived from
sewage sludge and faecal simulant when treated with
KOH and HCl are useful adsorbents for removing organic
pollutants from anaerobic digester effluent.
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Fig. 11 FTIR spectrum of CAMBI non-activated and activated CAMBI hydrochars
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