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ABSTRACT

Freshwater sludge (FS) produced from drinking water treatment plants is generally filter pressed and disposed in
the landfill. However, FS could be potentially reused. In this study, FS were processed into biochar and hydrochar
via pyrolysis and hydrothermal carbonization, respectively. The sorption characteristics/mechanisms of FS and
its derivatives (biochar-B300, B500 and B700 and hydrochar-H140, H160, H180 and H200) for the removal of
three typical pollutants (i.e., lead (Pb), phosphorus (P) and enrofloxacin (ENR)) found in swine wastewater were
investigated using batch adsorption tests and microstructural analyses. It was found that Pb sorption was rela-
tively enhanced due to the increased electrostatic attraction and surface precipitation of Pb(OH), while the
anionic phosphate adsorption relatively decreased as a result of enhanced electrostatic repulsion at higher so-
lution pHs. Comparatively, ENR adsorption was less affected by solution pH probably due to dominance of
physical adsorption evidenced by the good fitting of the BET isotherm model (R? = 0.95). The maximum sorption
capacities of Pb were in the order of B700~B500 (71 mg/g)>B300 ~ FS(37 mg/g)>H140 ~ H160 (13 mg/g)>
H180 ~ H200 (6 mg/g). The adsorption capacities for P were relatively lower: FS (47 mg/g)>B300 (38 mg/g)>
H140 (27 mg/g)>B700 (37 mg/g)~B500 (24 mg/g)~H160 (23 mg/g)>H180 (16 mg/g)>H200 (14 mg/g). This
study provides an understanding of the sorption characteristics and mechanisms of FS and its carbonaceous
products for common cationic, anionic and organic pollutants and elucidates new insights into the reuse of FS for
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pollutant removal to achieve the waste-to-resource concept and enhance water quality, soil health and food

safety.

1. Introduction

It is undoubted that the environmental pollution is increasingly se-
vere due to the continuous increase in the amount and types of pollut-
ants brought by intense human activities (Xu et al., 2019). The
accelerated rate of production of raw sewage from swine-breeding fa-
cilities in many countries, such as China, have become an increasing
cause of concern due to the accumulation of heavy metals and antibi-
otics present in them, which poses great environmental threat even at
trace levels. Heavy metals are characteristically of high toxicity and are
persistent in the environment (Zhang et al., 2019). In swine-breeding
facilities, they are usually administered to the animals as integrators
in conjunction with antibiotics and the raw sewage discharge can have
toxic effects on plants and organisms present in the various environ-
mental compartments (including soil and water) by obstructing the
metabolic functions and upsetting the balance in the normal ion ab-
sorption, transport, and regulation pathways (Wu et al., 2011). Simi-
larly, the persistence of antibiotics in the environment can lead to the
prevalence of resistant bacterial strains. For instance, fluoroquinolone
such as enrofloxacin are excreted largely unchanged (<25% metabo-
lized) and can enter the environment via discharge of raw or untreated
swine-breeding wastewater onto agricultural soils as fertilizers (Golet
et al., 2002). Although phosphorus is a vital element for vegetation
growth, its excessive release is mainly responsible for eutrophication,
largely reducing the level of dissolved oxygen in the water and the
quality of aquatic ecosystems. These pollutants are generally present in
swine wastewater and recent data shows that swine breeding in China
occupies approximately 63% of the total meat production (Fan et al.,
2019a). According to empirical statistics, the rate of production of
breeding waste per 10,000 pigs have reached approximately 190 t/d
with 60% of the waste being swine effluent/wastewater (Fan et al.,
2019b, 2021). Therefore, an efficient and cost-effective process that is
targeted at eliminating the toxic and harmful chemical pollutants in
such wastewater are urgently required.

Extensive efforts have targeted the removal of these pollutants,
including biological reduction, advanced oxidation processes, precipi-
tation, reverse osmosis, co-composting and adsorption (Shen et al.,
2018; Chowdhury et al., 2019; Fan et al., 2021; Liu et al., 2021).
Adsorption is one of the most cost-effective and efficient ways to remove
these pollutants (Liu et al., 2021; Zhang et al., 2021a) and carbonaceous
materials, such as biochar and hydrochar, have gained great attention in
the academia and industrial field due to their low costs, carbon storage
and sustainability (Nzediegwu et al., 2021; Pauletto et al., 2021).
However, only few studies compared the adsorption performance and
characteristics of biochar and hydrochar with the same feedstock to
remove pollutants in aqueous solutions. Chen et al. (2021) compared the
adsorption and reduction of Cr(VI) on fallen leaves derived biochar and
hydrochar and found that hydrochar with more surface phenolic groups
can chemically complex with Cr(VI) and are able to sustain higher Cr(VI)
adsorption and photo-reduction ability. Zhang et al. (2020) produced
spent coffee grounds-based biochar and hydrochar and used them to
adsorb antibiotic sulfonamide. The results showed that the adsorption
capacity of biochar was higher than that of hydrochar. In addition, the
adsorption on biochar was dominated by n-n electron donor-acceptor
interactions while hydrogen bonds took an important part in the
adsorption on hydrochar. The inconsistent findings for adsorbent char-
acteristics are mainly attributed to different pollutants, feedstock, and
production conditions of carbonaceous materials used in the different
studies, causing difficulty and inaccuracy in the comparison. Therefore,
it is crucial to comprehensively compare the sorption characteristics of
biochar and hydrochar derived from the same material for different

kinds of pollutants found in swine wastewater, such as cationic metal
ions, anionic inorganic salts and recalcitrant organics to find out the
structure-function relationship of carbonaceous products derived from
the same feedstock for sorption and further guide the recycling of waste
materials and their practical applications in pollution control.

Freshwater sludge (FS) is a by-product from drinking water treat-
ment plants and its global production is estimated to be more than
10,000 t/day (Turner et al., 2019). Currently, FS in Singapore is sent to
landfill for disposal as sludge cake to reduce its impact on the environ-
ment. However, FS is a potential useful resource. Some studies have
focused on its reutilization as soil amendments, building and construc-
tion materials, adsorbents or coagulants, etc (Babatunde and Zhao,
2007; Dassanayake et al., 2015; Mazari et al., 2018). However, the
natural organic matter, organic pollutants, metals and microorganisms
likely existing in FS (Babatunde and Zhao, 2007) can reduce its effec-
tiveness and limits its application in these fields. Therefore, the removal
of organic matters and microorganisms have been conducted using
calcination (Jeon et al., 2018), pyrolysis and hydrothermal carboniza-
tion (Zhang et al., 2021b). Zhang et al. (2021b) produced and charac-
terized FS derived biochar and hydrochar at different temperatures and
the results indicated that the produced chars hold a huge potential as
adsorbents due to their high surface areas and low metal levels. How-
ever, to the best of the authors’ knowledge, the sorption performance of
FS-derived carbonaceous products has not been reported and compared
in previous studies.

Thus, this study aims to assess the sorption effectiveness of three
model pollutants in swine wastewater (i.e., lead, phosphorus and
enrofloxacin) on FS produced in Singapore and its derived carbonaceous
materials. The objectives are (1) to calculate and compare sorption ca-
pacities of Pb, P and ENR on FS and derived biochar and hydrochar
produced at different temperatures; (2) to assess the effects of pH on
their sorption performance; and (3) to explore their sorption mecha-
nisms. This study is expected to provide new insights into the reuse of FS
for pollutant removal to achieve the waste-to-resource concept.

2. Materials and methods
2.1. Materials and synthesis of FS derivatives

The dewatered FS was freeze-dried for 48 h and sieved to smaller
than 75 pm. The production and properties of biochar and hydrochar
samples can be found in Zhang et al. (2021b). Briefly, biochar samples
were prepared by the pyrolysis of FS at 300, 500 and 700 °C for 1 h ata
heating rate of 10 °C/min under the Ny environment in a horizontal
rotary reactor, and were labeled as B300, B500 and B700. Hydrochar
samples were produced by hydrothermal carbonization of freeze-dried
FS at 140, 160, 180 and 200 °C for 4 h under autogenous pressure in
an autoclave (4744 General purpose acid digestion vessel, Parr Instru-
ment Company). The produced hydrochar samples were dried at 60 °C
for 24 h before sieved below 75 pm and were labeled as H140, H160,
H180 and H200. Pb(NO3)2, NaH,PO4, NaNO3, NaCl and ENR used in this
study are A.R. grade.

2.2. Determination of point of zero charge

The determination of the point of zero charge (pHpzc) of FS and char
samples was conducted using the pH drift method (Qu et al., 2020). A
solution containing 0.01 M NaCl was bubbled with nitrogen gas for
several minutes to remove the dissolved CO5. Then, the solution pH was
adjusted between 2 and 11 using NaOH or HCI solution. 0.15 g of solid
sample was added into 50 mL NaCl solution, and the final pH of the
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Table 1

Physiochemical properties of FS and derived biochar and hydrochar.

PHpzc pH Surface area (m?%/g)
FS 6.11 6.57 96.50
B300 4.68 4.91 104.67
B500 7.03 7.63 109.85
B700 7.74 7.78 108.87
H140 4.26 4.49 156.91
H160 4.07 4.50 230.70
H180 4.02 4.42 285.78
H200 3.88 4.32 197.61
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Fig. 1. Sorption isotherms of Pb on FS and derived biochar (a) and hydro-

char (b).

filtrate was measured after 48 h of shaking at 200 rpm at room tem-

perature. The pHpzc is defined as the point where pHfinal = pHinitial-

2.3. Batch sorption experiments

2.3.1. Sorption isotherms

Solutions with different Pb?* concentrations (20.7, 41.4, 62.1,
103.5, 207, 414, 621 and 1035 mg/L) and 0.01 M NaNOs were applied
to explore the sorption isotherm. It should be noted that compared with
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Pb, Zn, Mn, and Cu are the most abundant heavy metals in swine
wastewater and previous studies have discussed their removal or re-
covery (Chu et al., 2018; Li et al., 2020a, 2020b). However, studies on
the removal of Pb in swine wastewater are limited. Thus, Pb was chosen
for removal in conjunction with other common pollutants in swine
wastewater. As for the P adsorption, the HoPO4 ™ concentrations are set
at 25, 50, 100, 200, 400 and 800 mgP/L. The ENR adsorption was
conducted by adjusting a series of ENR concentrations (10, 20, 40, 60,
80 and 100 mg/L). The liquid/solid ratio was 0.1 g/20 mL, and the
initial solution pH was adjusted at 5 using 0.1 M HNO3 and 0.1 M NaOH.
The mixtures were filtered using a 0.45 pm filter after shaking for 24 h.
Pb and P concentrations were determined by inductively coupled plas-
ma/optical emission spectrometry (ICP-OES) (PerkinElmer, 7000DV)
after dilution and acidification, and ENR concentrations were measured
using High-Performance Liquid Chromatography (HPLC) (PerkinElmer,
Flexar). The detection limits of ICP-OES for Pb and P are 0.1 mg/L and
that of HPLC for ENR is 2 mg/L, respectively.

2.3.2. Effect of the solution pH

The influence of pH was evaluated by the addition of 0.1 g of solid
sample to 20 mL of 207 mgPb/L Pb(NOs), solution (containing 0.01 M
NaNOj3), 100 mgP/L NaH,PO4 solution or 60 mg/L ENR solution. The
pH range of real swine wastewater modeled is between 7.52 and 7.56
(Fan et al., 2021). However, based on the acid-base properties of ad-
sorbates, the sorption is strongly dependent on pH. Thus, the initial
solution pH in the range of 4-8 were evaluated. The mixtures were
filtered before pollutants concentration measurement.

2.4. Microstructural analysis

The functional groups were tested by Fourier transform infrared
spectroscopy (FTIR) spectrometer in the wavelength range of 600-4000
cm ! by 32 scans at 4 cm~ ! resolution (PerkinElmer Frontier) before and
after Pb and P sorption for each sample. Thermogravimetric analyses
were carried out using a Thermogravimetric Analyzer TGA 4000 (Per-
kinElmer). The sample was heated from 30 °C at 10 °C/min until 900 °C
in an air atmosphere using a flow rate of 20 mL/min.

3. Results and discussion
3.1. Physicochemical properties of FS and derived chars

Table 1 lists some physicochemical properties of FS and derived
biochar and hydrochar. The point of zero charge (pHpzc) values were
measured in this study, and other characteristics were previously
investigated in (Zhang et al., 2021b). The point of zero charge (pHpzc) of
adsorbents is an important influencing factor for the sorption of cations
and anions, such as Pb and P, by changing the surface charge of adsor-
bents (Shen et al., 2015). If the solution pH is above pHpy, the solid
surface of sorbents is negatively charged and holds a higher affinity to
sorb cations, such as Pb2*, but a lower adsorption ability to anions, such
as phosphate species and vice versa (Zhang et al., 2021a). The pHpyc
values of FS, B300, B500, B700, H140, H160, H180 and H200 were
measured at 6.11, 4.68, 7.03, 7.74, 4.26, 4.07, 4.02 and 3.88, respec-
tively. The sorption of Pb and P at different pHs will be further discussed
in sections 3.2 and 3.3. In addition, the sorbents with a higher surface
area, such as H160 and H180, are more likely to have more adsorption
sites which is favorable for adsorption.

3.2. Pb sorption characteristics

Equilibrium sorption of heavy metals and phosphate onto char
samples is often fast and occurs within 12 h (Zou et al., 2006; Karatas,
2012). Therefore, sorption kinetics were not conducted and the sorption
tests lasted for 24 h in this study to ensure sorption equilibrium has been
reached. The sorption isotherms of Pb on FS and derived chars are
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Table 2
Isotherm model parameters for Pb sorption on FS and derived biochar and hydrochar.
Langmuir Freundlich
Qo (mg/g) b (L/mg) AIC R? K (mg/g) 1/n AIC R?
FS 36.68 + 3.51 1.33 £ 0.86 40.67 0.81 15.47 + 4.59 0.15 £+ 0.05 41.65 0.78
B300 37.39 + 4.47 0.012 + 0.005 32.83 0.90 3.16 + 0.42 0.37 £ 0.02 15.52 0.99
B500 71.01 £9.21 0.68 £+ 0.58 53.70 0.79 21.76 + 10.01 0.21 £ 0.08 52.89 0.81
B700 71.04 + 10.84 0.05 + 0.04 51.78 0.80 16.18 + 10.38 0.24 +0.11 50.02 0.84
H140 12.72 + 0.88 0.03 £ 0.01 3.19 0.96 1.66 + 0.55 0.35 + 0.07 10.79 0.86
H160 13.22 +1.81 0.013 + 0.004 5.52 0.92 0.73 £ 0.32 0.47 £ 0.09 8.44 0.88
H180 6.14 £ 0.18 0.025 + 0.002 0.12 0.99 0.78 £ 0.21 0.35 £ 0.05 1.49 0.90
H200 6.64 + 0.31 0.013 + 0.002 0.17 0.99 0.43 + 0.07 0.44 + 0.03 0.36 0.98
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Fig. 2. Effect of initial solution pH on the percentage of Pb(II) removal on FS and derived biochar (a) and hydrochar (b), and speciation diagrams for all species (c)

and Pb species (d).

shown in Fig. 1. Langmuir and Freundlich models (Table S1) were
applied to fit the experimental data and can both describe the Pb sorp-
tion with the R? value higher than 0.78. However, to be specific, the Pb
sorption on FS and hydrochar was described better by the Langmuir
model while that on biochar fit the Freundlich model due to higher R?
value and lower AIC value (Table 2). This indicates that the Pb sorption
on FS and hydrochar was a monolayer surface adsorption and that on
biochar was a heterogeneous process in which Pb was mainly sorbed on
the heterogeneous surface pore structure and functional groups of bio-
char. The maximum sorption capacity (Qg) was in the order of B700 ~
B500 (~71 mg/g) >B300 ~ FS (~37 mg/g) >H140 ~ H160 (~13
mg/g) > H180 ~ H200 (~6 mg/g). That is, the adsorption capacity of
biochar decreased with pyrolysis temperature but higher than that of an

anaerobic digestion sludge biochar (49.93 mg/g) (Ho et al., 2017) and a
sewage sludge biochar (30.88 mg/g) (Lu et al., 2012).

Solution pH is an important parameter for metals sorption and the
effect of pH on Pb sorption is shown in Fig. 2. Unsurprisingly, the Pb
removal showed an overall increasing trend with the increase in initial
solution pH from 2 to 8 in spite of a temporary decrease at pH 4-5 for
hydrochar samples. The increase in Pb removal when pH was above 5 is
mainly attributed to the precipitation of Pb>" according to the specia-
tion diagrams modeled by the Medusa software (Zhang et al., 2018)
under the conditions of this study (Fig. 2c and d). The increase in Pb
adsorption in the acidic pH range can be explained by the increase in
negative sites created by the deprotonation process of functional groups
on the sorbent surface (Shen et al., 2017). With the increasing initial
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Fig. 3. Adsorption isotherms of P on FS and derived biochar (a) and hydro-
char (b).

solution pH from 2 to 8, the equilibrium pH increased slightly in the
range of pH 2-3 and then kept constant at pH values similar to their
pHpzc as listed in Table 1. This shows the good buffering ability of FS
and derived char samples under a wide range of pH, and indicates a
possible resistance to changing pH in aqueous solutions, which is
beneficial for their practical applications for metals removal. However,
hydrochar samples performed less competitively to the biochar samples
considering their overall lower Pb removal percentage and decreasing
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Pb removal in the pH range of 5-6 which fall within the common pH
range of natural water bodies.

To further figure out the possible Pb sorption mechanisms on the
sorbents, various spectroscopic analyses, including FTIR (Fig. S1) and
TGA (Fig. S2), were performed before and after sorption. As shown in
both figures, the broad band at around 3445 cm™! reflected the
stretching vibrations of hydroxyl groups (—OH) connected to metal ions
or sorbed water molecules (Li et al., 2016). The peak at around 1300
em ! is attributed to CO5%~, which appeared after Pb sorption on B500
and B700 samples, indicating the formation of PbCOs which may
explain the higher sorption capacity of these two samples. The FTIR
spectra in Fig. S1b did not show obvious changes after Pb sorption on
hydrochar samples, indicating that the functional groups on the
hydrochar surface have little interactions with Pb?*, consistent with
their low sorption capacity.

The TGA/DTG curves of FS and derived char samples before and after
Pb sorption are presented in Fig. S2. The total weight loss of biochar
after Pb sorption increased compared to the initial weight value before
Pb sorption while in the case of FS and hydrochar, there was no
observable difference between the weight value before and after Pb
sorption. The sharp peak at around 100 °C in the DTG patterns in
Figs. S2c¢ and S2d indicates dehydration and the new peak at about
350 °C for samples after Pb sorption is probably attributed to the for-
mation of PbCO3 which is in agreement with the FTIR findings. Based on
the above microstructural analyses, the formation of PbCOs is one of the
Pb sorption mechanisms on the surface of FS and derived char samples,
especially for FS and hydrochar samples.

3.3. P adsorption characteristics

Langmuir and Freundlich isotherm models were used to fit the
experimental data for P adsorption as shown in Fig. 3 and Table 3. Both
models can describe the adsorption isotherm well with R? values higher
than 0.80, although the Langmuir model fits the P adsorption on FS and
biochar better and that on hydrochar is better fit by the Freundlich
model based on higher R? values and lower AIC values. That is, P
adsorption on FS and biochar tends to be the monolayer surface
adsorption while that on hydrochar was heterogeneous. According to
the Langmuir model, the adsorption capacity for P showed different
order compared with Pb with much lower values on the whole: FS (~47
mg/g) >B300 (~38 mg/g) >H140 (~27 mg/g) >B700 (~37 mg/g)~
B500 (~24 mg/g)~H160 (~23 mg/g) >H180 (~16 mg/g) >H200
(~14 mg/g). The adsorption capacities are extremely higher than that of
a sludge-derived biochar (0.25 mg/g) (Li et al., 2020a, 2020b) and are
comparable with a dolomite-modified sewage sludge derived biochar
(29.18 mg/g) (Li et al., 2019). The lower P adsorption capacity is related
to the negative sample surface, which inhibits the adsorption of P in
anionic forms (HoPO,4~, HPO,42~ and PO4>7) as shown in Fig.4cand d. In
addition, HoPO4~ species was dominant at acidic pH and the phosphate
with more negative charges (HPO42’ and PO43’) gradually became the
main species with the increase in solution pH. This is also the rationale
behind the decrease in P adsorption with increasing pH as shown in

Table 3
Isotherm model parameters for P adsorption on FS and its derived biochar and hydrochar.
Langmuir Freundlich
Qo (mg/g) b (L/mg) AIC R? Ky (mg/g) 1/n AIC R?
FS 46.61 + 3.42 0.57 £ 0.22 35.87 0.94 16.72 + 4.02 0.19 £+ 0.05 40.36 0.87
B300 38.06 + 4.19 0.76 + 0.44 38.96 0.85 13.86 + 4.22 0.18 + 0.06 40.51 0.81
B500 23.83 + 2.39 0.04 = 0.02 28.39 0.89 6.01 +£1.20 0.22 £+ 0.04 24.73 0.94
B700 24.25 + 2.23 0.03 £ 0.01 26.10 0.92 4.90 +£1.30 0.25 £ 0.05 26.57 0.92
H140 26.58 + 2.23 0.50 + 0.24 39.06 0.93 10.08 +£1.76 0.20 £+ 0.04 38.52 0.93
H160 23.25 + 2.15 0.21 + 0.104 38.02 0.91 7.24 £0.75 0.23 £+ 0.02 29.85 0.98
H180 16.21 £+ 1.51 0.17 £ 0.09 34.72 0.88 5.58 £+ 0.40 0.20 £ 0.02 22.68 0.99
H200 14.09 £+ 1.60 0.09 £+ 0.05 34.15 0.84 3.96 £ 0.14 0.23 £ 0.01 11.96 1.00




Y. Zhang et al.

12
100 ® el 2 H—0 720 a
= -10
& 80+ Y
8’ N::::::::'E::i?::g/ L8
S A A _..---o
g 604 & v Ao °
a ZZZZZ’,::’,B:///’ L6
2 NG
S 40 e
g percentage pH \ -4
o —0— --0-- FS
a 204 —Oo— --0-- B300 Lo
—A— --A-- B500
—v— --v-- B700
0 T T T T T 0
3 4 5 6 7 8 9
Initial pH
100
e 80+
o
()]
8
c 60
o}
IS4
@
o
© 40
>
g
ercentage pH
2 1P 4o
o —#e— -~ %-- H160 -2
——--<-- H180
0 %% D> II-|200 : : : 0
3 4 5 6 7 8 9
Initial pH

Equilibrium pH

Equilibrium pH

Chemosphere 290 (2022) 133298

2
C
Hzpoz{ NaHPO4'
01H,P0, e~
T )
- HF’O4Z Po43
24 <
2
41 OH:
64
8-
3 4 5 6 7 8 9 10 M1
pH

Fraction (%)

Fig. 4. Effect of initial solution pH on the percentage of P removal on FS and derived biochar (a) and hydrochar (b), and speciation diagrams for all species (c) and P

species (d).

Fig. 4a and b, indicative of enhanced electrostatic repulsion. The solu-
tion pH after adsorption decreased and the increasing trend of hydro-
char adsorption systems was more obvious. The same phenomenon was
also shown in Fig. 1 in terms of Pb sorption. This can be explained by the
acidic pH of hydrochar as shown in Table 1, and the acidic hydrochar
can decrease the solution pH.

FTIR spectra in Fig. S3 show the changes of functional groups on the
adsorbent surface before and after P adsorption. The clear peak at
around 1037 ecm™! is attributed to the asymmetric P-O stretching vi-
bration (Lee et al., 2019; Dong et al., 2020). The increased peak in-
tensities after P adsorption imply the adsorption of phosphate on
adsorbents, and the intensity changes were found consistent with the
phosphorous adsorption capacities in Table 2 in the order of FS > bio-
char > hydrochar. The higher peak intensity at 1380 cm ™! is likely due
to the stretching vibration of nitrate (Zhang et al., 2013) which was used
to adjust ionic strength in this study.

3.4. ENR adsorption characteristics

As shown in Fig. 5, the adsorption isotherms of ENR on FS and
derived adsorbents were fitted by the Langmuir, Freundlich and modi-
fied form of BET model (Table S1) with isotherm equations, parameters
and regression analysis presented in Table 4. The BET model can well
describe the ENR adsorption on adsorbents in this study with the R?
values higher than 0.95, indicating multilayer physical adsorption pro-
cesses. However, the Freundlich model can better fit the ENR adsorption

on hydrochar considering the lower AIC values and standard deviation.
In the BET model, Kg and K, are the equilibrium constants of adsorption
on the first and upper layers, respectively. Therefore, the ENR adsorp-
tion on the first layer was at least 10 times quicker than that on the
second layer for all adsorbents.

Compared to the adsorption of Pb and P, the ENR adsorption on FS,
biochar and hydrochar is more resistant to the change of solution pH
despite the slight increase in the removal percentage with increasing
solution pH. This can be probably explained by the inference from the
best fitting of the BET isotherm model that the ENR adsorption was
dominated by physical adsorption which is not significantly affected by
solution pH. These findings are also supported by the FTIR spectra
(Fig. S4) showing negligible changes in the surface functional groups
before and after ENR adsorption. The slight variation of ENR removal at
different pHs is probably due to existing forms of ENR at different pHs.
As shown in Fig. 6¢, ENR exists in the cationic form at acidic conditions,
becomes zwitterionic gradually in the pH range of 6-8.5, and the anionic
ENR species dominate at pH higher than 8.5. The low removal per-
centage of B700 at acidic pH in the presence of cationic ENR species can
be probably explained by the positively charged surface of B700 with the
highest pHpzc value (7.74) as shown in Table 1. The highest ENR
removal occurred at pH > 7 for all adsorbents, which is likely due to the
enhanced hydrophobic interaction between the slightly hydrophobic
surface of the adsorbents and hydrophobic zwitterionic ENR species at
pH 6-8 (Zhao et al., 2018).
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Fig. 5. Adsorption isotherms of ENR on FS and derived biochar (a) and hydrochar (b).

Table 4
Isotherm model parameters for ENR adsorption on FS and derived biochar and hydrochar.
Models Parameters FS B300 B500 B700 H140 H160 H180 H200
Langmuir Qo (mg/g) 444.12 + 230.57 £ 61.26 2497.01 + - 202.78 + 179.73 +40.10 174.67 + 101.88 +
692.22 29196.19 77.02 45.24 14.60
b (L/mg) 0.006 + 0.01 0.020 + 0.009 0.001 + 0.017 - 0.017 £+ 0.010 0.019 + 0.007 0.015 + 0.007 0.034 + 0.011
AIC 45.22 38.86 51.33 - 40.40 36.02 34.70 34.33
R? 0.90 0.97 0.81 - 0.95 0.98 0.97 0.97
Freundlich Kg (mg/g) 5.08 +3.18 8.18 + 2.50 14.71 £+ 9.66 11.84 + 6.76 + 2.20 6.96 + 1.85 5.52+1.16 8.11 £1.95
14.00
1/n 0.76 £ 0.17 0.68 + 0.09 0.56 + 0.20 0.68 + 0.30 0.67 £+ 0.09 0.65 + 0.07 0.67 £+ 0.06 0.53 £+ 0.06
AIC 44.14 39.78 50.02 54.63 38.06 36.00 31.01 33.82
R? 0.92 0.97 0.85 0.76 0.97 0.98 0.99 0.97
BET qm (mg/g) 33.67 £7.00 230.57 + 42.46 +£7.13 26.32 + 4.88 59.55 + 24.03 179.73 + 65.80 + 31.18 69.39 + 41.05
946.64 530.79
Kg (L/mg) 0.41 + 0.42 0.02 + 0.09 1.73 £1.68 16.12 + 0.10 = 0.09 0.02 + 0.06 0.06 £+ 0.05 0.06 + 0.06
52.59
K, (L/mg) 0.015 + 0.002 0 0.018 + 0.002 0.030 + 0.009 + 0.004 0 0.006 + 0.004 0.003 + 0.005
0.002
AIC 68.98 68.86 72.68 72.65 68.57 66.02 63.61 64.01
R? 0.97 0.97 0.96 0.97 0.96 0.98 0.98 0.97
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Fig. 6. Effect of initial solution pH on the percentage of ENR removal on FS and
derived biochar (a) and hydrochar (b), and distribution of ENR species (c)
(Zhao et al., 2018).

4. Conclusions
In this study, the sorption of three typical swine wastewater pollut-

ants (Pb, P and ENR) on freshwater sludge and derived biochar and
hydrochar were investigated. The following conclusions could be drawn:

Chemosphere 290 (2022) 133298

(1) Pb sorption on FS and hydrochar was found a monolayer surface
adsorption while its adsorption on biochar was a heterogeneous
process. The sorption mechanisms include the surface precipita-
tion of PbCO3 and Pb(OH), and electrostatic attraction.

(2) P adsorption was found a monolayer surface adsorption process
on FS and biochar but a heterogeneous process on hydrochar with
the adsorption capacity in the order of FS > biochar > hydrochar.

(3) The ENR adsorption on FS and carbonaceous products was most
likely dominated by physical adsorption evidenced by the good
fitting of the BET isotherm model although the Freundlich model
could better fit its adsorption on hydrochar.

(4) The sorption of three pollutants on FS and carbonaceous products
was affected by the solution pH, indicating the significant role of
electrostatic attraction in the adsorption.
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