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Abstract

Removal of tetracycline antibiotics (TCs) by biochar adsorption is emerging as a cost-
effective and environmentally friendly strategy. This study developed a novel pomelo peel
derived biochar, which was prepared at 400 °C (BC-400) and 600 °C (BC-600) under
nitrogen conditions. To enhance the adsorption capacity, BC-400 was further activated by
KOH at 600 °C with a KOH: BC-400 ratio of 4:1. The activated biochar (BC-KOH) displayed
a much larger surface area (2457.37 m”/g) and total pore volume (1.14 cm’/g) than BC-400
and BC-600. High adsorption capacity of BC-KOH was achieved for removing tetracycline
(476.19 mg/g), oxytetracycline (407.5 mg/g) and chlortetracycline (555.56 mg/g)
simultaneously at 313.15 K, which was comparable with other biochars derived from
agricultural wastes reported previously. The adsorption data could be fitted by the pseudo-
second-order kinetic model and Langmuir isotherm model successfully. The initial solution
pH indicated the potential influence of TCs adsorption capacity on BC-KOH. These results
suggest that pore filling, electrostatic interaction and n—m interactions between the adsorbent
and adsorbate may constitute the main adsorption mechanism. BC-KOH can be used as a
potential adsorbent for removing TCs from swine wastewater effectively, cheaply and in an
environmentally friendly way.
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1. Introduction

Tetracycline antibiotics (TCs), which comprise tetracycline (TC), oxytetracycline (OTC)
and chlortetracycline (CTC), are one of the most extensively used antibiotics in swine
production worldwide. They are considered to have advantages of high efficiency, low cost,
and broad spectrum (Kim et al., 2013). Generally, antibiotics are not completely absorbed and
metabolized by animals, and in fact around 70-90% of them added to their feed are excreted

via urine and feces (Cheng et al., 2018b). Subsequently, large concentrations of TCs have



been detected in swine wastewater and the surface water adjacent to swine farms (Cheng et al.,
2019). Residual antibiotics in swine wastewater have attracted much attention worldwide due
to their adverse effects on human health and ecological security (Cheng et al., 2019). Apart
from the toxicity of veterinary antibiotics to organisms, the long-term presence of antibiotics
in the environment can trigger the development of antibiotic-resistant bacteria (ARB) and
antibiotic-resistant genes (ARGs) (Martinez, 2008). It was reported that tetracycline-resistant
genes occupied the largest percentage of more than one hundred classes of ARGs found in
bacterial isolates found in various environments (Zhang et al., 2009). The widespread
existence of tetracycline-resistant genes (tetM, tetO, and tetW) in swine wastewater and the
environment adjacent to swine farms has been documented in other analyses (Liu et al., 2013).

Technologies including biological processes, advanced oxidation processes (AOPs),
electrochemical oxidation and adsorption, have been extensively investigated for their
potential to remove antibiotics from swine wastewater (Ben et al., 2011; Cheng et al., 2019;
Miyata et al., 2011; Peng et al., 2016; Qiang et al., 2006; Wang et al., 2019). As reported
previously, conventional biological treatment processes cannot remove residual antibiotics
from swine wastewater completely. Antibiotics’ toxic effect on microorganisms can also limit
the performance of biological treatment processes (Cheng et al., 2018a). Applying AOPs to
remove antibiotics from swine wastewater is quick and effective, while consuming large
amounts of energy and chemical reagents that significantly raise operating costs. In addition,
chemical reagents consumed in chemical methods can also cause secondary pollution in the natural
environment. Adsorption is a promising and better choice for the removal of antibiotics from
wastewater, due to its advantages of effectiveness, low cost, easy operation and the adsorption
process does not produce intermediate products. Several adsorption materials have been
investigated for removing antibiotics from aqueous solution, such as activated carbon, carbon
nanotubes, natural clay materials, ion exchange materials, and biochar (BC) (Ahmed et al.,

2015). Of these materials, BC derived from agricultural wastes has been the subject of



enormous research focus, because of its advantages of originating from a wide range of raw
materials, low-cost preparation, being environmentally friendly and having adsorption
properties (Ahmad et al., 2014; Enders et al., 2012). To date, BC has been used to adsorb
antibiotics from wastewater very efficiently (Chen et al., 2019; Dai et al., 2019).

Fruit peels, generated in significant amounts, can be used as raw materials for conversion
into biochar through pyrolysis instead of being disposed as waste through landfilling, open
burning or composting. Greenhouse gases emission, such as carbon dioxide and methane,
from conventional disposal of these wastes is an important issue for global warming. The
conversion of such waste to reusable resources is an alternative method for waste
management, which achieved net energy production and avoided greenhouse gas emissions.
For instance, Sial et al. (2019) indicated that the greenhouse gas emission was significantly
reduced by converting orange peels waste to biochar. Pomelo is a very popular fruit and is
planted around the world. According to the report by Food and Agriculture Organization
(FAO), the global production of grapefruit (including pomelos) was around 9.37 million
metric tons in 2018. Pomelo peels which account for nearly 45% of the total weight, are
generally treated as agricultural waste, which is not only a waste of resources but also harms
the environment (Liang et al., 2014). Compared to most other citrus fruits, pomelo peels are
deemed to be promising raw materials for BC production. In addition to their high output, the
white floc layer of the pomelo peel contains cellulose and semi-fiber with three-dimensional
network structures and various active functional groups, which make the pomelo peel a
promising raw material of biochar adsorbent (Song et al., 2019; Zhang et al., 2020).
Moreover, the adsorption ability of pomelo peel BC can be enhanced through chemical

activation (Romero-Cano et al., 2017).

The surface area and pore size are two important characteristics of biochar, which

influence its adsorption capacity to organic pollutants (Ahmed et al., 2017a; Cheng & Li,



2018). According to previous reports, the carbon having enough pore size was required to
create adsorption sites in pores for organic matter (Zhang et al., 2014). However, the surface
area and pore size of the originally generated biochar are limited, so further activations are
required to increase their surface area and porosity. Thermal treatment and KOH activation
are common methods for the production of porous biochar (Zhu et al., 2018). In the study,
pomelo peel derived biochar was prepared and activated to explore the feasibility of removing
TCs from swine wastewater. The characteristics of the produced biochar and the adsorption
capacity for TCs were investigated. Moreover, adsorption kinetics and isotherm modes were
applied to analyse the adsorption process between the biochar and TCs. Outcomes of initial
antibiotic concentration and pH on the adsorption process were explored. In addition, the

possible adsorption mechanism between the adsorbent and adsorbate was predicted.

2. Materials and methods
2.1 Materials

Pomelo peel wastes were washed with distilled water and dried in an oven at 80 °C for
24 h, and following this they were crushed into small pieces prior to use. The standards of
tetracycline antibiotics (TCs), including tetracycline (TC), oxytetracycline (OTC) and
chlortetracycline (CTC) were supplied by Sigma-Aldrich (Australia). Organic solvents, such
as methanol, acetonitrile and formic acid that were used for the TCs stock solution
preparation and mobile phase for detecting the quantities of TCs by Shimadzu LCMS-8060
triple quadrupole mass spectrometer, were also purchased from Sigma-Aldrich, Australia. The
other chemicals utilized were of analytical grade, specifically NaOH, HCIl and KOH.
2.2 Biochar preparation and modification

Prepared pomelo peels were pyrolyzed at 400 °C and 600 °C, respectively, for 2 h with a
heating rate of 10 °C min ' in a muffle furnace. The resulting sample was designated as BC-

400 and BC-600. The BC-400 was mixed with KOH at a mass ratio of 1:4, followed by



carbonization at 600 °C for 2 h in a muffle furnace with a heating rate of 10 °C min . Biochar
obtained from this activation was designated as BC-KOH, which was washed with 35%
HNOj; for 24 h and washed with DI water until the pH value of the filtrate reaches 7.0 = 0.2.
Finally, the produced biochar was oven-dried at 80 °C for 24h. The particle sizes of BC-400,
BC-600 and BC-KOH were sieved (<75 um) for further use.
2.3 Biochar Characterization

Surface morphology and elemental compositions of the prepared biochar were
investigated using a scanning electron microscopy (SEM) and an energy dispersive
spectrometer (EDS) (Zeiss Evo-SEM). Renishaw inVia Raman spectrometer (Gloucestershire,
UK) was used to analyse the Raman spectra of the produced biochar. The functional groups
present in the biochar were determined by Fourier transform infrared (FTIR) spectrometer
(Miracle-10, Shimadzu) in the 4000-400 cm ™' range. Brunauer-Emmett-Teller (BET) analyzer
(Quantachrome Autosorb IQ, USA) was applied to determine the surface area and pore size
distribution of the biochar via adsorption/desorption isotherm of nitrogen at 77 K. Before
adsorption measurements were taken, degassing of the sample was conducted under vacuum
at 473 K for 6 h. The surface charges of the materials at different pH values were analysed by
a zeta potential analyzer (Malvern, Model ZEN3600) at the solution pH ranging from 1.0 to
10.0.
2.4 Sorption experiments

The sorption capacity of BC-400, BC-600 and BC-KOH was investigated through batch
experiments for 48 h. 10 mg BC-400, BC-600 and 4 mg BC-KOH were added to glass bottles
containing 50 ml TCs solutions with 10 mg/L of TCs (TC, OTC and CTC) at 295.15 K. The
adsorption kinetics of TCs on BC-KOH was conducted in 100 ml glass bottles by adding 4
mg BC-KOH (80 mg/L) to 50 ml TCs solution with an initial TCs concentration of 10 and 40
mg/L, at 295.15 K. The adsorption isotherms were obtained by mixing 4 mg BC-KOH and

50 mL TCs solution with different initial TCs concentrations (5-50 mg/L) at 294.15, 303.15



and 313.15 K for 75 h. For the sorption capacity and kinetic experiments, samples were
collected at different time intervals, while samples for the sorption isotherms study were
collected once the equilibrium adsorption point had been reached. All the samples were
filtered through a 0.2 pum filter before being subjected to analysis. Bottles for all the above
experiments were shaken on a temperature controlled orbital shaker at 120 rpm at pH value of
7.0 £0.5. The influence of initial solution pH on the adsorption of TCs (40 mg/L) onto biochar
was established by varying the pH value from 1.5 to 10 through using 0.01 mol/L of NaOH
and HCI solution, at 294.15 K for 75 h. The application of BC-KOH on the adsorption of TCs
from synthetic swine wastewater was investigated. The main composition of synthetic swine
wastewater 1s glucose, NH4Cl, KH,;POs, MgSO47H,O and CaCl,-2H,O with the
concentration of 2830 m/L), 446 mg/L, 132 mg/L, 54 mg/L and 4 mg/L, respectively. TCs
were spiked into the wastewater with the concentration of 10 mg/L for each compound. The
same concentration of BC-KOH (80 mg/L) was used for the adsorption at pH 7.0 = 0.5 and
294.15 K for 75 h. Blank control samples (without biochar) were prepared for each
experiment to subtract the loss of TCs during the adsorption process. All experiments were
performed in duplicate and mean and standard deviation were calculated.
2.5 Data analysis and analytical methods

Concentrations of TCs in the solutions were determined by LC-MS/MS (LCMS-8060,
Shimadzu). A Phenomenex C18 column (Luna, 3.0 x 100 mm, 3 pum) was used at 28 °C. The
mobile phase A and B for LC gradient was water and acetonitrile with 0.1% formic acid
(V/V). The LC gradient was: 0.01-0.20 min 30% B; 0.20-7.0 min 95% B; 7.0—11 min 30% B.
The flow rate was 0.4 mL/min and the injection volume was 1 pL. Mass spectrometer was
operated in the multiple reaction monitoring (MRM) mode and electrospray positive ion mode
(ESI+).

The amount of TCs adsorbed on biochar at time t (q, mg/g) and equilibrium (g, mg/g)

was calculated by Eq. (1) and (2):
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where Cy, Ciand C. are the concentrations of TCs initial, at time t and equilibrium
(mg/L); V is the volume of TCs solution (L); and m (g) is the amount of biochar used in study.
For this study, the following adsorption kinetic models, i.e. pseudo-first-order (PFO),
pseudo-second-order (PSO), Elovich, liquid film diffusion (LFD) and intra-particle diffusion
(IPD) (Eq. (3-7) were selected to assess the adsorption mechanisms between the interaction of

the biochar and TCs. The equations and relevant parameters can be expressed as follows:
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where, q; and . (mg/g) are the amount of TCs adsorbed at time t (min) and equilibrium;
k; and k, are the rate constants of the pseudo-first-order and pseudo-second-order,
respectively; a is the rate constant of chemisorption; b is the constant of the surface coverage;
1/b (mg/g) is related to the number of sites available for adsorption; k¢ is the constant of
adsorption rate; k; (mg-min’>/g) is intra-particle diffusion rate constant; and C; is the intercept
reflecting the extent of the boundary layer thickness.

Two classic adsorption models, Freundlich and Langmuir models, were utilized to fit the

adsorption isotherms, which are written as follows (Eq. (8-9)):

qe = Krcd™ ®)
_ qmKpce _ 1
Qe = 1+KLCL’ L= 1+Kcy, (9)



Where, q. is the adsorption capacity (mg/g) at equilibrium time; c. is the equilibrium
concentration (mg/L) of TCs in solution; Ky (mg'' ™L"/g) is Freundlich affinity coefficient
indicating adsorption capacity; 1/n presents the adsorption intensity; qm, is the maximum
adsorption capacity (mg/g); cris the lowest initial concentration (mg/L); Ki (L/mg) is the
Langmuir sorption coefficient related to the bonding force of adsorption; and Ry is a
dimensionless constant separation factor. The Langmuir isotherm model will be favored if the

value of Ry is between 0 and 1.

3. Results and discussion
3.1 Characterization of biochar

The biochar yield derived from pomelo peel was 35.93% at 400 °C and 32.78% at 600°C,
respectively (Table 1). Based on a previous review paper, the value is comparable with the
yield of biochar produced from other raw materials (Yang et al., 2019b). Like previous
reports, a slight decline in the biochar yield was observed by increasing the pyrolysis
temperature, which is explained by the loss of volatiles and condensation of aliphatic
compounds (Zhao et al., 2017). The high biochar yield is generally considered to be an
important factor in practical applications.

Table 1. Physicochemical properties of biochars produced under different conditions.

Yield BET surface Total pore

Sample C (wt %) O (wt %) (%) area (m”/g) volume (cm’/g)

BC400 66.1 14.89 35.93 3.278 0.003

BC600 72.21 14.01 32.78 27.501 0.021
BC-KOH 86.18 11.81 31.65 2457.367 1.14

The analytical results of EDS indicated that carbon was a dominant element in the

produced biochar from pomelo peel. By increasing the pyrolysis temperature and KOH



activation, the carbon content increased from 66.1% to 86.18% (by weight), while the oxygen
content decreased (Table 1). The decrease of oxygen content indicated less oxygen-containing
functional groups on the biochar surface, which can be proved by the FTIR analysis results.
The FTIR peak of biochars produced in the present study is illustrated in Fig. 1(A), and the
FTIR spectrum curve displays peaks at about 2348, 1560, 1372 and 1168 cm™ for BC400 and
2348,1623, 1397,1006 863, 831 and 695 cm™! for BC-600. The peak at around 2348 and 2320
cm” may belong to C =C or C =N. The peak at approximately 1560 and 1623 cm™ indicates
the presence of C=C or C=0 stretching in aromatic groups, while the peak at around 1397 and
1372 cm” may relate to the methyl C-H bending vibration in alkanes and alkyl groups
(Uchimiya et al., 2011). The presence of a peak at 1168 and 1064 cm™ possibly contributes to
C-0, C-O-C or C-C stretching modes, while peaks at 900-695 cm™ may belong to aromatic
C-H bending vibration (Komnitsas & Zaharaki, 2016). Yet, most of the peaks disappeared
after KOH activation, which confirmed the finding that functional groups’ reduction on the

surface of biochar after alkaline modification occurred (Yang et al., 2019b).
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Fig. 1 Characteristics of biochar produced at 400 °C (BC-400), 600 °C (BC-600) and activated
by KOH (BC-KOH): (A) FTIR spectrum; (B) Raman spectrum; (C) BET surface area
isotherm; (D) SEM-EDS spectrum.

Raman spectrum of the BC-400, BC-600 and BC-KOH are depicted in Fig. 1 (B). The
Raman spectrum of the biochars consists of two prominent peaks at 1350 cm™' (D) and
1590 cm™' (G), which represented the graphitic lattice vibration mode and disorder in the
graphitic structure of the biochar (Zhu et al., 2014). Specifically, peak D refers to disordered
sp>-hybridized carbon atoms with vacancies and impurities, while peak G causes from the

stretching of sp® atomic pairs in the carbon atom ring or carbon chain. It can be assumed that
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the carbon atom is bonded to a sp” hybridized covalent bond, while electrons which are not
involved in hybridization form a © bond (Fan et al., 2016).

The BET surface area and total pore size volume of the produced biochar are shown in
Table 1 and Fig. 1(C). An increase in the BET surface area and total pore volume were
observed by increasing the pyrolysis temperature from 400 to 600 °C. A similar result has
been reported in other recent studies (Zhao et al., 2018; Zhao et al., 2017). They explained
that the increase in the surface area and pore volumes might be caused by the quick release of
H; and CH4 and the reaction of aromatic condensation when the temperature rose from 400 to
600 °C. As well, when the temperature increased, the formation of more pores and a larger
surface area was due to the release of more volatiles from the biomass surface (Cheng & Li,
2018). When the BC-400 was further activated by KOH, a huge increase in the surface area
(2457.367 mz/g) and total pore volumes (1.14 crn3/g) was obtained. This finding was
consistent with the observation of the SEM analysis.

The microstructure of BC-400, BC-600 and BC-KOH studied by SEM is displayed in
Fig. 1 (D). It can be observed that the BC-400 and BC-600 have a relatively smooth and
dense surface. A clear pore structure can be seen on the surface of the BC-KOH, indicating an
enhancement in exposed surface area and pore size. As mentioned earlier, the interaction
between alkali compounds and carbon promotes the formation of a large surface area (Otawa
et al., 1990). For instance, Zhang et al. (2015) produced a highly porous activated carbon
from petroleum coke via the KOH activation process at 800 °C, with a large surface area
(2800-2900 mz/g) and total pore volume (1.4-2.1 cm3/g). Similarly, Yang et al. (2019a)
employed KOH to activate willow branch-derived biochar at 850 °C and achieved a large
surface area (3342 m*/ g) and total pore volume (1.912 cm’/ g). The increase in the surface area
and pore size of biochar by KOH activation is a synergistic effect of several factors (Cheng &
Li, 2018). The chemical reaction for the process of KOH activation is shown in Eq. (10-13):

6KOH + 2C > 2K + 3H, T +2K,C0, (10)
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6KOH + CO, - K,CO03; + H,0 1 (11)

K,CO; +2C - K,0+2CO 1 (12)

K,0+CO - 2K+ CO T (13)

Through the above chemical reactions, the biochar can be activated through the etching
process by KOH and its intermediates K,COs; and K,O. The H, and CO produced from
chemical reactions can promote the formation of microporosity and macropores on the
biochar (Yang et al., 2019a). Furthermore, the produced alkali metal can insert into the
biochar matrix to extend the biochar lattice and then enlarge the existing pores (Cheng & Li,
2018).
3.2 Adsorption capacities

By using initial TCs concentration of 10 mg/L, the biochar adsorption capacity over time
is shown in Fig. 2. It should be noted that the BC-400 revealed the lowest adsorption of TCs
(8.94 mg/g for TC, 11.49 for OTC and 23.80 for CTC), followed by the adsorption capacity
of TCs on BC-600 (14.42 mg/g for TC, 16.77 mg/g for OTC and 25.85 mg/g for CTC).
Enhancement in adsorption capacity of TC and OTC on corn straw and pineapple peel biochar
was also documented by previous researchers when the biochar was obtained at higher
temperatures (Fu et al., 2016; Zhang et al., 2012). Under the same adsorption conditions, the
adsorption amount of TCs onto BC-KOH sharply increased, with 124.95, 124.91 and 124.99
mg/g for TC, OTC and CTC, respectively. Therefore, a positive correlation was found
between the adsorption capacity and surface area/total pore volume of the biochar. Ahmad et
al. (2013) indicated that the enhanced porous structure of the biochar surfaces increased
the adsorption of organic compounds via a pore-filling mechanism. Additionally, high surface
area and pore volume can potentially facilitate faster mass transfer of TCs into the biochar
pores and provide more opportunities for the interaction between TCs molecules and the

active site (Trakal et al., 2014).
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Fig. 2 Adsorption capacity of tetracycline (TC), oxytetracycline (OTC) and chlortetracycline
(CTC) on BC-400, BC-600 and BC-KOH (pH=7.0 +£0.5, T=295.15 K).

The decrease in the oxygen content may also have positive effects on the adsorption
capacity due to the increased hydrophobic nature of the biochar surface (Taheran et al., 2016).
hydrophobic organic compounds are easily adsorbed on biochar with a highly hydrophobic
surface (Rivera-Utrilla et al., 2013). Moreover, Rivera-Utrilla et al. (2013) observed that
carbons with a low oxygen content had high levels of electron-rich sites in their graphene
planes and low concentrations of surface electron-attracting oxygen groups, thereby,
enhancing the adsorption of aromatic compounds. The disappearance of peaks at 1560 cm '
in the FTIR spectrum of BC-KOH verified the complete outgassing of hydrophobic groups
from BC-400, modifying the affinity of activated biochar for TCs (Gu & Wang, 2013).
Overall, BC-KOH emerged as the best biochar for adsorbing TCs and subsequently chosen

for further research.

3.3 Adsorption kinetics
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Adsorption kinetics study serves to identify the adsorption mechanism and rate-limiting
step. Fig. 3 displays the adsorption of TCs onto BC-KOH by using two different initial
concentration of TCs (10 and 40 mg/L). From Fig. 3, it is observed that the adsorption could
reach equilibrium at approximately 48h after initial contact time, hence, the solutions were
shaken for a total period of 75 h in this experiment. As the reaction time increased, the
adsorption amount of the two initial concentrations of TCs indicates a similar trend, which
increased rapidly at the early stage of the adsorption and then slowed down due to the limited
number of active adsorption sites (Peng et al., 2014). As observed from Fig. 3, higher
adsorption capacity could be achieved by higher initial concentrations of TCs, ranging from
10 mg/L to 40 mg/L. The possible reason is that higher driving force could be provided by the
higher initial concentration to overcome the resistance to TC mass transfer between water and

surface of porous carbon (Yang et al., 2019a).
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Fig. 3 Adsorption kinetic of tetracycline antibiotics on BC-KOH fitted by pseudo-first-order
(PFO), pseudo-second-order (PSO) and Elovich models under two different initial

concentrations of TCs.
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The PFO, PSO and Evolich kinetic models were widely used to describe the adsorption
data, which were presented in Fig. 3. The kinetic parameters of TCs adsorption on BC-KOH
are summarized in Table 2. By comparing the correlation coefficient (R?), the PSO model (R*:
0.91-1.0) was more appropriate than PFO (R2: 0.88-0.99) and Elovich (R*: 0.85-0.94) model
to fit the adsorption of TC, OTC and CTC to BC-KOH. Furthermore, the adsorption capacity
calculated ge® from PSO equation was more consistent with the experimental qe® values. This
outcome demonstrated that the adsorption rate was consistent with the number of active sites
on the surface of BC-KOH and the rate-limiting step was greatly affected by chemisorptive
interactions. The finding is consistent with another study’s results (Jin et al., 2014). As shown
in Table 2, the PSO rate constant (K;) under low initial concentration (10 mg/L of TCs) was
higher than that under high initial concentrations (40 mg/L of TCs), possibly because the
competition for available adsorption sites increased at high concentration (He et al., 2016). As
well, based on the calculation of the Evolich model, the higher value of a compared to b also
reflected the rapid adsorption of TCs at the early stage. Moreover, the high 1/b value suggests
the potential of high adsorption capacity of TCs on BC-KOH.

Table 2. Kinetic parameters for the adsorption of tetracycline antibiotics onto BC-KOH

Compound TC OTC CTC
mg/L 10 40 10 40 10 40
@ 124.95 402.86 124.91 300.82 12499  456.68
Pseudo-first-order
e 452 319.99 78.87 244.93 39.33 182.95
K, 42x10 0 7.99x10°  50x10°  943x10  40x10  1.03x10
R’ 0.88 0.89 0.94 0.98 0.9 0.99
Pseudo-second-order
i~ 126.58 414.9378 12821  288.1844 12658  523.5602
K, 237x10°  192x10°  1.16x10 1.67x10  217x10 432x10
R’ 1 0.99 1 0.91 1 0.98
Elovich
a 18.83 10.16 5.83 725 15.92 9.09
b 0.059 0.019 0.048 0.025 0.056 0.016
1/b 17.38 53.018 21.033 39.73 17.85 62.43
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2

R 0.94 0.86 0.94 0.86 0.92 0.85

Liquid film diffusion
K -3 -3 -3 -3 -3 -3
£d 4.2 x10 1.7x10 5.0x10 1x10 4% 10 1.1 x10
R2 0.88 0.84 0.95 0.98 0.8 0.98
Intra-particle diffusion
K; 0.21 7.45 0.12 4.68 7.74% 1074 4.77
K 4.34 7.62 5.03 5.33 3.25 7.62
K> 0.2 0.53 35x10 0 27x10°  7.04x 10 -2.7%x107°
Ci 113.66 41.35 117.82 30.36 124.91 166.02
R12 0.99 1 0.98 0.99 0.88 1

Referring to the porous structure of BC-KOH, the intraparticle diffusion (IPD) and the
liquid film diffusion (LFD) model were further used to identify the diffusion mechanism of
TCs on BC-KOH. According to previous reports, if the plot of g, versus ¢ gives a straight
line through the origin, intra-particle diffusion is taken to be the only rate-controlling step
(Weber & Morris, 1963). As shown in Fig. 4 (d), the q; versus t'2 gives a straight line (R1%:
0.88-1.0) before reaching adsorption equilibrium, but the line did not cross the origin, which
demonstrated that the intra-particle diffusion was dominant in the adsorption process but not
the only rate-controlling step (Fierro et al., 2008). Moreover, the R” value (0.80-0.98) of the
liquid film diffusion model also reflected the fact that the film diffusion partly contributed to
the whole adsorption process. Therefore, before reaching the adsorption equilibrium, TCs
were transported from the solution to the external surface of BC-KOH by the molecule
diffusion and film diffusion only in the early stages of adsorption. Then they entered the
internal pore structure and were adsorbed by the interior surface of BC-KOH under the
control of intra-particle diffusion. Similar results were reported in other studies which
examined the adsorption of TC or other organic matter on porous carbon (Fierro et al., 2008;
Jang & Kan, 2019; Zhang et al., 2019). In this study, the positive value of intercepts (C;) from

IPD model also indicated the rapid adsorption of TCs on BC-KOH (Jang & Kan, 2019).
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Fig. 4 Adsorption kinetics of tetracycline antibiotics on BC-KOH fitted by the liquid film
diffusion (LFD) (a-c) and intraparticle diffusion (IPD) (d) model under two different initial
concentrations.
3.4 Adsorption isotherms and effect of temperature

Changes in adsorption isotherm curves can help to analyse the interaction between
adsorbate and adsorbent, as well as the adsorption layer characteristics (Jang et al., 2018). The
Langmuir and Freundlich models were used to fit the adsorption data of TCs on BC-KOH at
295.5, 303.5 and 313.5 K, respectively, as presented in Fig. 5. The adsorption parameters of
these two models are listed in Table 3. Similarly, an increasing trend in the adsorption
capacity of BC-KOH was found by increasing the initial concentration of TCs. In the whole
concentration range, it was observed that the adsorption capacity of TCs rose by increasing
temperature, indicating that the adsorption process is an endothermic one and operates

favorably under higher temperature.
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Fig. 5 Adsorption isotherms of tetracycline antibiotics adsorbed onto BC-KOH fitted by

Langmuir and Freundlich models at different temperatures.

Table 3. Langmuir and Freundlich isotherm parameters of the adsorption of tetracycline

antibiotics on BC-KOH

TC OTC CTC
T(K) 295.15 303.15 313.15 295.15 303.15 313.15 295.15 303.15 313.15
Langmuir model
qm 401.61 454.55 476.19 322 357.14 4075 454,55 526  555.56
Ky 80.32 80.44 116.74 6237 6881 66.72 93.68 118.7 127.46

0.00025-0.00025- 0.00019- 0.00033-0.00029- 0.0003- 0.00021- 0.00016- 0.00016-
0.0025 0.0025 0.0017 0.0.0033 0.0029 0.003 0.0021 0.0016 0.0016

R’ 0.94 0.94 0.97 0.96 0.96 0.97 0.96 0.99 0.99

Freundlich model

K 285.15 311.59 352.59 218.09 243.25 286.55 338.29 397.62 418.05

I/n 0.18 0.19 0.19 0.15 0.16 0.19 0.20 0.20 0.21
R’ 0.86 0.84 0.85 0.8 0.82 0.85 0.86 0.85 0.85

Rp
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It was observed that the Langmuir model could fit the experimental data better than the
Freundlich model, with higher related coefficients (R° = 0.94-0.99). This may be related to the
monolayer adsorption of TCs onto the external and internal surfaces of the porous biochar
(Yang et al., 2019a). Moreover, the very low R; values listed in Table 3 indicated the
Langmuir isotherm model is favorable (Tang et al., 2018). The values of 1/n from the
Freundlich model, which is in the range of 0 to 1, indicated the high affinity between TCs and
BC-KOH, suggesting the adsorption was a favorable process (Fan et al., 2016). The
maximum adsorption capacities (q,) of BC-KOH calculated from the Langmuir model under
the studied temperatures were 401.61-476.19 mg/g for TC, 322-407.5 mg/g for OTC and
454.55-555.56 mg/g for CTC, respectively. Table 4 compares the maximum adsorption
capacity for TCs on various agriculture waste-derived biochar reported in previous studies. It
is indicated that the BC-KOH produced from pomelo peel in this research is an excellent
adsorbent for removing TC, OTC and CTC from aqueous solution simultaneously.

Table 4. Comparison of maximum adsorption for tetracycline antibiotics on various

agriculture waste-derived biochar reported in previous studies

Surface  Total pore q

Adsorbents area volume Adsorbate (mg/g) References
(m’g)  (cm¥/g) ve

Rice straw biochar 3722 0.23 TC 167.5 (Chzeéllegt) al,
Rice straw biochar 27.66 0.059 TC 13.85 (W"‘zrg% %‘ al,
Macadamia nut shell (Martins et al.,
biocahr 1524 0.826 TC 455.33 2015)
Rice husk biochar 211.76 0.121 TC 80.9 (Zegglegt)al"
Waste Auricularia (Dai et al
auricula dregs 46.56 0.06 TC 11.9 "

X 2020)
biochar
Cassava waste (Luo et al.,
biochar 128.42 0.01 OTC 10 2018)
Swine manure (Chen et al.,
biochar 319.04 0.25 TC 160.3 2018)
Cow manure biochar ~ 31.23 0.0234 TC 22.553 (Zh%% 9e)t al.,
Waste chicken bones (Oladipo &
biochar 328.06 0.0028 TC 98.89 Ifebajo, 2018)
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Waste chicken (Lietal.,

feather biochar 1838 1.033 e 38833 2017)
TC 476.19

Pomelo peel biochar  2457.367 1.14 OTC 407.5 This study

CTC 555.56

3.5 Influence of initial pH on the adsorption

The solution pH value can affect the adsorption processes considering its effect on
surface charges of the biochar and the TCs molecules species. The TCs molecules are almost
in a cation form at pH < 3.3, in a zwitterion form in the pH ranging from 3.3 to 7.8 and in an
anion form at pH > 7.8 (Yang et al., 2011). With the increase of pH, the TCs become more
negative. In this study, the influence of pH on the adsorption of TCs onto BC-KOH was
assessed by changing the pH value of initial solution from 1.5 to 10. Fig. 6 shows the
adsorption capacity of TCs on BC-KOH (a) and the zeta potential of biochar before and after
TCs adsorption (b) at different pH values. The BC-KOH surface was positively charged at pH
< 3.2, which becomes negatively charged at pH > 3.2. An increasing trend in adsorption
capacity of TCs was found by elevating the pH from 1.5 to 8.5. At the pH < 3.2, the relatively
small amount of adsorption was due to the electrostatic repulsions between the cationic
species of three antibiotics in solution and the positively charged surface of the BC-KOH. The
adsorption capacity increased by raising the pH from 3.2 to 7.8, due to the repulsive force
which decreased gradually since TCs mainly exist in zwitterion form. By increasing the pH
from 3.2 to 7.8, the zeta potential of the biochar after adsorption was increased through
adsorbing the TCs molecular on its surface. Interestingly enough, the maximum adsorption
capacity at equilibrium was obtained at pH=8.5, although the negatively charged BC-KOH
indicated its repulsion of anionic TCs. Therefore, adsorption of TCs onto the BC-KOH can be
affected by the initial solution pH, however, the electrostatic interaction only contributed to a
part of the adsorption mechanism. Similar results have been found by the adsorption of TCs

from aqueous solutions on a multi-walled carbon nanotube (Xiong et al., 2018). As can be
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seen from Fig. 6 (a), the adsorption amount of TCs was still high at the lower and higher pH
value (pH<3.2 or >8.5). It is proved that BC-KOH can be applied in swine wastewater
treatment broadly considering its good adsorption properties in a wide range of pH (from 1.5

to 10) (Tang et al., 2018).
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Fig. 6 The adsorption capacity of tetracycline antibiotics on BC-KOH (a) and the zeta

potential of biochar before and after adsorption (b) at different pH values.

3.6 Potential mechanisms of the adsorption

The potential mechanisms regarding the adsorption of TCs on BC-KOH can be
suggested through the above analysis of the biochar characteristics, the chemical structure of
TCs, the fitted adsorption kinetics and isotherm models, as well as the effects of pH on
adsorption. A positive correlation was found between the adsorption capacity of TCs and the
surface area/total pore size of the biochar. The large surface area and total pore size of BC-
KOH resulting from SEM and BET suggested that pore filling was a major adsorption
mechanism. The adsorption kinetics data of TCs on BC-KOH indicated that pore filling and
chemisorption were the main for the adsorption of TCs from wastewater (Premarathna et al.,
2019). The fit of the data with the Langmuir model also suggested the monolayer adsorption

Process.

22



According to the Raman analysis results, graphitic layers did exist in the structure of the
biochar, which can function as a n-m acceptor (Jin et al., 2014). Hence, the adsorption of TCs
on BC-KOH can occur between the m-electrons in the graphene layers of the biochar and the
n-electrons in the aromatic rings of TCs through the n- electron donor—acceptor (n-m1 EDA)
mechanism (Gao et al., 2012; Ji et al., 2009; Rivera-Utrilla et al., 2013). This is consistent
with the study by Liu et al. (2012), who demonstrated that the alkali-activated biochar
facilitates the formation of @ — & interactions between the ring structure of TC molecules and
the biochar’s graphite-like sheets. Liu et al. (2012) asserted that the graphite-like structure of
biochar promoted the n—n interactions between the biochar and the aromatic rings of CTC.
Furthermore, based on the above discussion, the adsorption of TCs on BC-KOH can be
affected by the initial solution pH, suggesting the potential mechanism of electrostatic
interaction. Conversely, the relatively large amount of TCs adsorbed at a pH value up to 8.5
may result from the adsorption mechanisms of pore filling and n-n adsorbate-adsorbent
interactions.

3.7 TCs removal from synthetic swine wastewater

The removal efficiency of TCs by the adsorption of BC-KOH from deionized water and
synthetic swine wastewater was showed displayed in Fig. 7. As can be seen in Fig. 7, almost
100% of TCs could be removal from deionized water in 75 h with the initial concentration of
10 mg/L, whereas, the average removal efficiency of TC, OTC and CTC decreased to 85.
04%, 82.17% and 96.64%, respectively, in the synthetic swine wastewater. The reduced
adsorption of trace elements onto biochar in wastewater compared to the removal in deionized
water was also observed by a previous report (Ahmed et al., 2018). Such result indicated that
the presence of other compounds in the wastewater inhibited the adsorption of TCs onto BC-
KOH. The inhibition could be caused by the competitive adsorption between TCs and other
pollutants for the specific sites and pore filling on BC-KOH (Premarathna et al., 2019).

Nevertheless, there were still more than 80% of TCs could be removed from wastewater
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through the adsorption of BC-KOH. Considering the relatively low concentration of TCs in
the real swine wastewater, BC-KOH can be used as an effective adsorbent to remove TCs

from swine wastewater even under the influence of other pollutants.
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Fig. 7 Removal efficiency of TCs (10 mg/L) by the adsorption of BC-KOH from deionized

water and synthetic swine wastewater in 75 h at pH 7.0 £0.5 and 294.15 K.

3.8 Economic feasibility

To assess the large-scale application of biochar on the adsorption removal of antibiotics
from swine wastewater, the economic performance of biochar compared with activated carbon
was considered in this study. The production cost of biochar mainly relates to the cost of
feedstock materials, production cost and other additional cost, which can be estimated and
calculated by Eq. (14):

Total biochar production cost = feedstock cost + production cost
+additional other cost (14)

Based on this study, the total cost of producing 1 kg pomelo peel derived biochar (BC-

KOH) was estimated as follows:
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The feedstock cost is USD $ 5.69 (including pomelo peels collection cost and KOH cost).
The production cost is USD$ 2.42 (including the cost of electricity consumption for drying
and carbonization). The cost for others such as washing, grinding and transporting is USD
$ 1.71. Therefore, the total cost for generating per kg BC-KOH was USD § 9.82, which is
cheaper than commercial activated carbon (up to USD $45.71/kg) as sold in Henan Huasheng
Charcoal Industry Ltd. (http://hnhsty.com/).

Commercial activated carbons are commonly produced from expensive and non-
renewable materials, such as natural coal, wood, peat and petroleum residues, by pyrolysis
and the following physical activation at high temperatures (700-1100 °C) (Allen et al., 1998).
From this point of view, using pomelo peel wastes as the raw material to produce biochar in
this study not only save the cost of raw materials but also save the cost of waste disposal.
From the perspective of energy saving, chemical activation is commonly chosen for activating
the carbon material due to the lower temperature and shorter time requirement than that of
physical activation (Mohammad et al., 2009). The common method of chemical activation
was using chemicals such as H3;POs;, KOH, or NaOH followed by heating under a gas
(nitrogen) flow at the temperature between 450 and 900°C (Gupta et al., 2009). Thus, less
energy would be consumed for the production of the biochar in this study at lower
temperature.

The adsorption capacity of carbon for antibiotics is also an important factor for cost
analysis. For commercial activated carbons, the surface areas generally vary in the range
between 500 and 2000 m*/g (Gupta et al., 2009), while a relative large surface area was
observed for the biochar produced in this study (2457.37 m?/g). As reviewed by Ahmed et al.
(2017b), the dosage used for the adsorption of individual tetracycline antibiotics onto
activated carbon was mainly in the range of 0.2 g/L to 20 g/L. In comparison, the dosage of
BC-KOH used in the present study was 0.08 g/L with comparable adsorption capacity for

adsorbing TC, OTC and CTC simultaneously. Therefore, compared to the commercial
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activated carbon, the BC-KOH has high potential for large-scale application.

4. Conclusion

The developed new pomelo peel derived biochar in this study was proved to be a
promising adsorbent for removing tetracycline antibiotics from swine wastewater in a cost-
effective and environmentally friendly manner. The experimental results indicated that large
BET surface area and total pore volume biochar (BC-KOH) could be obtained by further
activating of BC-400 by KOH at 600 °C. The adsorption capacity of TCs was positive with
the surface area and pore volume of the biochar. The adsorption data fitted well by the
pseudo-second-order kinetic model and Langmuir isotherm model. Mechanisms of pore
filling, electrostatic interaction and n—r interactions between the adsorbent and adsorbate may

constitute the main adsorption of TCs onto BC-KOH.
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