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Abstract

Sulfamethoxazole (SMX) and copper (Cu) are common
antibiotic and heavy metallic contaminants. They can be
removed separately through biochar sorption method.
However, the interaction between SMX and Cu remains
an unresolved issue in the sorption process of biochar. In
this paper, two biochar samples were prepared from
maize straw at temperatures of 300 °C and 600 °C. The
interaction between SMX and Cu in the sorption process
on biochar was investigated using the batch equilibrium
experiment method and quantum chemical calculations.
The results showed that co-existing of SMX and Cu has a
significant contribution to each other’s sorption on
biochar. In the coexisting system of SMX and Cu, the
sorption capacity of HBC600 for SMX and Cu were 24.22
mg/g and 96.23 mg/g, which were higher than the single
system. Quantum chemical calculations showed that due
to the bridge bonding and complexation of Cu and SMX on
the biochar, the biochar may have formed OH-Cu-SMX,
CO-Cu-SMX and COOH-Cu-SMX bonds with the pollutants
in the mixed system, and the sorption energy was
significantly increased. This indicates that the sorption
capacity of biochar for both pollutants was enhanced in
the mixed system.

Keywords: biochar, co-sorption, interaction, quantum
chemical calculation

1. Introduction

The combined pollution from antibiotics and heavy metals
(HMs) is attracting widespread attention in recent years
(Yao et al.2020; Zhao et al.2022). Sulfamethoxazole (SMX),
a typical sulfonamide antibiotic, which has been
frequently observed in the surface water, groundwater
and soil(Gao et al.2014), is difficult to remove using classic
wastewater treatment methods(Younes et al.2019).
Numerous studies have demonstrated that the antibiotic
not only stimulates the emergence of drug-resistant
bacteria, but also hampers the proliferation of
microorganisms and plants, inflicting serious damage on
the ecological environment and human health (Han et
al.2020; Yao et al. 2012). Copper (Cu), a common type of
heavy metals, is widely used in industry and agriculture.
Due to its non-biodegradability and strong toxicity, Cu is
one of the major heavy metal pollutants posing a serious
threat to the ecosystem and public health(Yan et al.2010).
The presence of antibiotics and heavy metals can be
detected in many water bodies and soils, and the
combined coexistence of two contaminants in the physical
environment is frequently seen (Khurana et a/.2021; Shen
et al.2023a). Co-existing contaminants of antibiotics and
HMs have joint toxic effects on organisms such as
synergistic (Liu et al.2021), antagonistic (Tong et al.2015),
or additive effects (You et al.2022), which complicate the
impact on the environment (Shu et al.2024[cited 2024
August 16];[71 p.]). Moreover, As the interaction of
functional groups on antibiotics with HMs ions (Cuprys et
al.2018; Huang et al.2017; Yang et al.2022b), the
combined contaminants are more difficult to remove than
the single contaminants (Li et al.2018). For example, the
amino functional groups and the N-heteroaromatic rings
of sulfamerazine maybe interact with Cu, and tend to
form complexes, weakening the reactivity of
sulfamerazine molecules (Sha et al.2022). Therefore, it is
necessary to explore the interaction mechanisms of
combined contaminants of antibiotics and HMs on biochar
to find an effective treatment method for them.
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Last years, various techniques, such as adsorption,
biodegradation, and electrochemical methods, have been
developed and applied to combined pollution problems (Li
et al.2022; Liu et al.2023; Long et al.2021). Of them,
adsorption method is a low-cost, cost-effect and
environmentally friendly method for pollutants removal. A
variety of materials can serve as adsorbents, including
carbon nanotube, alumina, activated carbon and biochar
(Shan et al.2015). Among these materials, biochar, as an
environmentally friendly material, has become a popular
adsorbent for the removal of organic and inorganic
pollutants from polluted water due to its high porosity,
large specific surface area and rich functional groups (e.g.
-COOH, -OH and C=0) that can be involved in sorption
(Guo et al.2020). Currently, some researchers have
conducted various studies to examine the effectiveness
and mechanisms of biochar in the individual adsorption of
HMs or antibiotics (Hu et al.2023; Pathy et al.2023; Qiu et
al.2019; Truong et al.2022). However, due to the complex
interaction mechanisms of combined pollutants that
different antibiotic-HMs combined pollutants may exhibit
either promoting or inhibiting effects on the sorption
behavior of different materials (Deng et al.2019; Wang et
al.2019; Yuan et al.2019), reports on the effect of
antibiotic-HMs combined pollutants on the sorption
behavior of biochar are still very limited. Therefore, in this
paper, a comparative study of the sorption of single and
combined systems of antibiotics and HMs was conducted
to understand the sorption behavior and interaction of
these contaminants coexisting in biochar. SMX and Cu
were selected as representatives of antibiotics and HMs,
respectively. Sorption experiments were carried out using
the batch equilibrium experiment method to determine
the sorption data for single and combined pollutants of
SMX and Cu by biochar. Based on the experimental
results, the quantum chemical calculation was performed.
The formation energies of the main chemical bonds on
the biochar surface were calculated by first principles
using VASP (Vienna Ab mitio Simulation Package)
software. The sorption mechanisms and interaction
among biochar, SMX and Cu in the sorption process were
explored which provides theoretical support for the
feasibility of removing antibioticcHMs combined
pollutants by biochar.

2. Materials and methods

2.1. Sample preparation

Sulfamethoxazole (SMX), purchased from Chongqing
Cypress Technology Co., Ltd., was prepared as a 100 mg/L
stock solution with a background solution containing 0.01
mol/L NaNOs and 0.1% NaNs. Cu (NOs)2:3H20, obtained
from Sinopharm Group Chemical Reagent Co., Ltd., was
prepared as a 1000 mg/L stock solution with deionized
water. The pH was adjusted to 5 with 0.1 mol/L HCl and
0.1 mol/L NaOH solution. All the chemicals were analytical
reagents.

Maize straw, collected from a farmland in Gansu province,
China, was chopped, passed through a 0.425 mm sieve,
and converted to biochar by slow pyrolysis in a muffle
furnace (SX2, Shanghai Jiazhan Instrument Equipment Co.,
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Ltd.) at 300 °C or 600 °C for 6 h in a nitrogen atmosphere.
The resultant biochar samples were abbreviated as BC300
and BC600. The biochar samples were then crushed and
sieved to obtain uniform 0.425 mm-sized particles. The
biochar samples were washed several times with 1 mol/L
HCl and deionized water to remove ash until the pH value
remained constant. The resulting biochar samples were
labeled HBC300 and HBC600. After the biochar samples
were dried at 80 °C for 12 h, they were stored in a sealed
container for future use.

2.2. Characterization of the biochar

Total carbon (C), nitrogen (N), hydrogen (H), and sulfur (S)
in the biochar were determined using an elemental
analyzer (Vario EL, a German element company). Oxygen
content was determined by mass balance (Kwak et
al.2019). Ash content was measured by heating the
biochar samples at 650 + 20°C to a constant weight and
calculated using equation (1). The yield of biochar was
calculated according to equation (2). Biochar functional
groups were characterized using Fourier transform
infrared spectrometer (FTIR) (Nexus 870, Nicolet, USA).
The specific surface area, total pore volume, and pore size
distribution of the biochars were measured using the
nitrogen degassing method (Alfaro Soto et al.2019). The
micromorphology features of biochar were observed by
scanning electron microscope (SEM) (JSM-5600LV, Japan
Electron Optics).

ashzuxloo% @
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where m is the mass of the original biochar sample, g; m:1
is the mass of the empty crucible after burning, g; ma is
the mass of the crucible with biochar after ashing the
original biochar at 650 °C = 20 °C to constant weight and
cooling, g.

yield =5 "™ . 100% @)

m,—m,

where m1 is the mass of the crucible, g; mzis the mass of
crucible with the powdered raw materials, g; ms is the
mass of the crucible containing the prepared biochar, g.

2.3. Experimental methods of sorption for SMX and Cu

Experiments were conducted in the laboratory of Gansu
Province Wastewater Treatment Industry Technology
Center. At 298K, twenty-five milliliters of a certain
concentration of SMX or Cu(ll) solution and a fixed mass
of biochar (HBC300 or HBC600) were together added to a
50 mL Erlenmeyer flask for sorption kinetic experiments
by the batch equilibrium experiment method, in which the
sampling time was set from 0.1 to 24 h. The sorption
isotherm experiments were divided into two groups. In
the first group, the initial concentration of fixed SMX was
50 mg/L, and the concentration gradient of Cu(ll) solution
was 50-500 mg/L. In the second group, the initial
concentration of the fixed Cu(ll) solution was 200 mg/L,
and the SMX concentration gradient was 10-100 mg/L.
Then these Erlenmeyer flasks were placed in a constant
temperature shaker and shaken at 150 rpm for 24 h. The
suspension after shaking was filtered through a 0.45 um
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filter membrane for SMX and Cu analyses, where SMX was
analyzed by High Performance Liquid Chromatography
(HPLC) and Cu was determined by flame atomic
absorption spectrometry.

2.4. Kinetics sorption models

Quasi-first-order and quasi-second-order kinetic models
are used to fit kinetic data as shown in equations (3) and

(4).

Quasi-first-order kinetic equation:

Q :Qe(l_e*kﬂ-‘) (3)
Quasi-second-order kinetic equation:
_ Qkgt (4)
1+Q.k,t

where Q: is the amount of adsorbed substance at time t
(h), mg/g; Qe is the amount of adsorbed substance at
equilibrium, mg/g; ki (h!) and k2 [g/ (mg h)] are the
adsorption rate constants of quasi-first-order and quasi-
second-order kinetics, respectively.

2.5. Isotherm sorption models

Langmuir and Freundlich sorption equations are applied
to fit the isothermal sorption data of the adsorbates as
shown in equations (5) and (6).

Langmuir equation:

_GQ.K.C

1+K C,
Freundlich equation:

Q =k.C (6)
where Qe is the amount of adsorbed substance at
equilibrium, mg/g; Ce is the concentration of adsorbate at
equilibrium, mg/L; Qm is the saturated sorption amount of
adsorbate on the biochar; Ki(L/mg), K¢ ((L/g) "), and N are
the constants of the equations.

2.6. Quantum chemical computational methods

In this study, the Vienna Ab mitio Simulation Package
(VASP) was used for all density functional theory (DFT)
calculations, and a generalized gradient approximation
was applied to the Perdew-Burke-Ernzerhof (PBE)
functional equation. The projected augmented wave
potentials were used to describe the ion nuclei with a
plane-wave basis set with a set-energy cut-off of 400 eV,
the van der Waals interactions were geometrically
optimized using the DFT-D3 empirical corrections All
crystal structures were optimized with an energy
convergence threshold of 1.0x10™° eV for and force
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convergence threshold of 0.03 eV/A. To avoid interaction
between two adjacent surfaces, the vacuum spacing was
set as 20.0 A. and the sorption energies at each point are
calculated according to equations (7).

E., =E,.(biochar+pollutant) - E_(biochar)
—E..(pollutant)

(7)

where Eads is the sorption energy of the system, Fiot
(biochar + pollutant) is the total energy of the pollutant
sorption system of the biochar, Esuf (biochar) is the total
energy of the point of the biochar surface, and Eiot
(pollutant) is the energy of the pollutant at a single point.

3. Results and discussion

3.1. Characterization of biochar

Table 1 presents the physicochemical properties of
biochar that has been synthesized at various
temperatures. With increasing pyrolysis temperatures, the
yield of biochar decreases from 18.12% of BC300 to
12.68% of BC600. This is mainly due to the original
chemical bonds and biomass interior materials, such as
cellulose, hemicellulose, and lignin, being destroyed in the
pyrolysis process, generating volatile substances to escape
and eventually causing the loss of biochar mass (Schmidt
et al.2023). The ash content of the biochar has a positive
correlation with the rise in temperature. However,
compared with BC300 and BC600, the ash content of
HBC300 and HBC600 is greatly reduced. This is attributed
to the reaction between the carbonates and other
substances in the ash and H* during the acid washing
process. The pH values of HBC300 and HBC600 exhibit a
smaller magnitude when compared to BC300 and BC600,
owing to the alkaline ions in the biochar react with H* in
the acid wash solution. The presence of weak metal salts
(carbonates) in the ash of biochar is an important reason
for the alkalinity of biochar (Yang et al.2022a). The C
content increases from 57.71% (BC300) to 63.42%
(BC600), indicating that the pyrolysis process of biomass is
a carbon-rich process. The contents of O and H decrease
with the increase in pyrolysis temperature, proving that
deoxygenation and dehydrogenation occur in the
pyrolysis of biomass (Mutsengerere et al.2019). H/C is
widely used to evaluate the aromatization degree of
biochar. The smaller the H/C, the higher the aromaticity
and the stronger the stability of biochar (Calvelo Pereira et
al.2011; Grutzmacher et al.2018; Shen et al.2023b).
(N+0)/C is the polarity value of biochar. The polarity
increases with the rise of (N+O)/C. Therefore, as the
pyrolysis temperature increases, the aromaticity of the
biochar increases, but the polarity decreases.

Table 1. Primary physicochemical parameters and elementary compositions of biochar

Samples pH Ash (%) Element content (%) Element ratio
C H N [6) S (N+0)/C H/C
BC300 9.64 16.9 57.71 2.85 1.01 21.27 0.26 0.39 0.05
BC600 10.6 23.4 63.42 1.24 1.13 10.45 0.36 0.18 0.02
HBC300 3.68 6.70 69.64 3.38 1.47 18.43 0.38 0.28 0.05
HBC600 3.62 7.04 77.70 1.77 1.51 11.50 0.48 0.17 0.02
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Compared to BC300 and HBC300, the specific surface area
(Seer) of BC600 and HBC600 increases significantly, by
nearly 100 times, with increasing pyrolysis temperature
(Table 2). This is probably due to the higher pyrolysis

Table 2. Porosity and BET surface areas of biochar
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temperature, which cracks the biomass feedstock into
volatiles that escape from the biochar and increase the
pore structure of the biochar (Li et al.2021).

Adsorbent 1Sger (M2/g) 2S¢_plot (M?/8) 3Vpore (cm3/g) WVmicro (cm3/g) 5Ager
BC300 3.82 6.96x101 6.75x103 1.80x10*4 7.06
BC600 3.16x102 2.20x102 1.59x101 9.31x102 2.01
HBC300 4.19 8.84x101 5.52x103 1.76x104 5.26
HBC600 4.05x102 2.81x102 2.04x101 1.19x101 2.02

1BET Specific surface area; 2t-plot Micro area; 3Single point total volume; “t-pLot micropore volume; °BET average pore size

After acid washing, it is shown that the micropore area (St
plot) of HBC300 and HBC600 exhibits an increase. This rise
suggests that the pore structure of biochar is blocked due
to the presence of ash when the biochar is not subjected
to acid washing. Following the acid washing process, most
of the ash is removed from the biochar surface, and the
pore structure on the biochar surface is exposed (Deng et
al.2023). When the pyrolysis temperature is 300 °C, the
irregular lamellar structures of biochar remains relatively
intact (Figure 1(a) and (c)). When the pyrolysis
temperature reaches 600 °C, volatiles spill out of the
pores due to further partitioning of the biomass to
liberate large amounts of energy. As a result, a clearer
pore structure can be observed (Figure 1(b) and (d)).

As the pyrolysis temperature increases, the pores in the
biochar burst out, making the pores more disorderly
distributed, which is beneficial for improving the
adsorption capacity of biochar. Compared to the biochar
before and after acid washing, the pore structures of
HBC300 and HBC600 are obviously exposed, the surface
structures are clearer, and no excessive other debris or
impurities are present, which may be due to the ash and
impurities in the biochar being washed away by the acid
solution (Figure 1(c) and (d)).

Figure 1. SEMs for BC300(a), BC600(b), HBC300(c), and
HBC600(d)

The functional groups of biochar were characterized by
FTIR. According to Figure 2, it can be seen that BC300,
BC600, HBC300, and HBC600 have the same characteristic
peaks. The absorption peak at 3421.46 cm™ can be
attributed to the stretching vibration of the hydroxyl
group (-OH). The appearance of the hydroxyl group is due

to a large amount of cellulose and hemicellulose in the
biochar material is not destroyed at high temperatures.
The absorbance peaks at 2993.73 cm™ and 2826.94 cm
indicate the presence of the saturated alkanes -CH2 and -
CHs. The peak at 2352.14 cm™ may indicate the stretching
vibration of C=C or C=N. The peak at 1607.61 cm™ is the
C=C stretching vibration peak. The absorbance peaks
between 1479.93 and 1375.32 cm™ are mainly formed by
the symmetric stretching of C=0 in the carboxylate group
COO-. The C-O stretching (1159.14 cm™) occurs due to the
presence of hydrocarbons, indicating that hydroxyl and
carboxyl groups may exist. The observed peaks at 978.79
cm™ and 786.47 cm™ can be attributed to the deformation
of Si-O-Si. It can be seen from Figure 2 that the positions
of the characteristic absorption peaks of biochar prepared
from the same material are roughly the same. However,
there are variations in the values and widths of these
absorption peaks, suggesting that biochars produced from
the same source material possess similar functional
groups, but the numbers are different (Anand et al.2023;
Keiluweit et al.2010).

HEC30D
Rl ull
BC300
BCS0

1 1 1 1 1 1
4000 3500 3000 2300 2000 1300 1000 500

Wave number {cm™ )

Figure 2. FTIR spectra for four types of biochar
3.2. Sorption kinetics

As shown in Figure 3, the amount of Cu/SMX adsorbed
increases rapidly from 0 to 3 h, probably due to the
presence of a large number of adsorption sites on the
surface of the biochar and the high concentration of
contaminants in the solution (Yan et al.2020). With
increasing adsorption time, the adsorption rates slow
down due to the limited number of adsorption sites on
the biochar, and eventually reach adsorption equilibrium
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at about 12 h. In the single system, the maximum
adsorption capacities of Cu on HBC300 and HBC600 are
27.35 and 55.23 mg/g, respectively (Figure 3(a)). Similarly,
it can be shown that the maximum adsorption capabilities
for SMX are 6.14 and 21.61 mg/g on HBC300 and HBC600,
respectively, as depicted in Figure 3(b). Obviously, the
adsorption capacities of biochar for Cu are higher than
those for SMX. This may be due to the fact that there
exists a large number of negative charges on biochar that
can continue to interact with Cu (Wang and Liu 2017).
Meanwhile, the adsorption capacities of HBC600 for SMX
and Cu are higher than those of HBC300. This may be due
to the higher the pyrolysis temperature, the greater the
specific surface area of the biochar, and the stronger the
adsorption for absorbates (Wang et al.2022).

wr (a)

5 )

capacity (mglg)
capacity (mglg)

Adsorption
Adsorption

—=— HBC300 no SMK.
—4— HBCB00 no SMK.
—i—HBC300 + SMX

0 —¥— HBCB00 + ShX 0

—w—HEC00 noCu
—4—HBCA00 noCu
—4—HBEC200+Cu
—y—HBCA00 + Cu

I I L
0 5 10 15 0 -} 0 5 ) 15 0
Time (h) Time ()

Figure 3. Effect of time on sorption of Cu(a) and SMX(b)

Compared with the single system, the adsorption capacity
of HBC300 and HBC600 for SMX and Cu(ll) in the mixed
system increases to a certain extent. The maximum
sorption of SMX and Cu(ll) by HBC600 in the mixed system
reached 24.22 mg/g and 96.23 mg/g at 24h, which was
higher than the single sorption capacity of some modified
biochar. For example, the maximum sorption of SMX was
only 14.73 mg/g for chitosan-biochar (Son Tran et al.

2023), and the maximum sorption of Cu was only 38.6
mg/g for biochar loaded with MgAl-layered double
hydroxide (Su et al. 2022). Therefore, during the
adsorption process, the synergistic effect between SMX
and Cu(ll) has an important influence on the final
adsorption capacity. The presence of Cu(ll) can not only
exchange the cation in biochar, but also form a complex
with SMX that are easily adsorbed by the biochar. The
complex has a strong affinity for biochar, resulting in
enhanced adsorption of SMX and Cu(ll) on the biochar (Xu
et al. 2023). In addition, m-electron interaction is
emphasized for chemicals with electron-donating. While
the biochar adsorbs Cu(ll), the SMX adsorbed on the
biochar can also combine with Cu(ll) to further increase
the adsorption capacity of Cu(ll).

In order to study the adsorption rate in mixed system,
quasi-first-order and quasi-second-order kinetic equations
were used to fit the kinetic data (Table 3). The equilibrium
adsorption capacities, Qe, of the two pollutants in mixed
system are higher than those in the single system, but
there is a certain increase in the difference in adsorption
capacities due to the different adsorption orders of two
different types of pollutants. The adsorption capacity of
Cu increases greatly with the addition of SMX. The quasi-
second-order rate constant, k2, in the mixed adsorption
system increases greatly on HBC600 (from 0.46 to 1.24
g/(mg-h)) and HBC300 (from 0.32 to 0.97 g/(mg h)). This
may be due to, on the one hand, Cu(ll) undergoes
reactions, such as ion exchange and surface pore
adsorption, on the surface of the biochar in the mixed
system; on the other hand, Cu(ll) complexes with SMX,
forming the Cu(ll)-SMX complex, which leads to a
significant increase in the adsorption capacity (Yao et
al.2020).

Table 3. Kinetic parameters of sorption of SMX and Cu(ll) onto biochars

Pollutants Biochar quasi-first-order dynamics quasi-second-order dynamics
Q. (mg/g) ki (h?) R? Q. (mg/g) k2 (g/(mg-h)) R?

SMX HBC600 + Cu 18.07 0.50 0.8410 24.12 0.23 0.9715
HBC600 no Cu 11.30 0.85 0.7496 19.60 0.13 0.9301

HBC300 + Cu 12.34 0.02 0.8681 15.01 0.68 0.9017

HBC300 no Cu 7.03 0.03 0.9177 6.29 0.48 0.9246

Cu (II) HBC600 + SMX 70.12 0.42 0.8864 95.44 1.24 0.9821
HBC600 no SMX 55.02 0.01 0.9118 60.34 0.46 0.9491

HBC300 + SMX 48.70 0.51 0.9204 54.78 0.97 0.9120

HBC300 no SMX 25.00 0.01 0.8573 27.01 0.32 0.9588

As shown in Table 3, the R? values of the quasi-first-order
kinetic model are lower than those of the quasi-second-
order kinetic model. Moreover, the theory adsorption
amounts of the quasi-second-order kinetic model are
closer to the actual values, indicating that the quasi-
second-order kinetic model is more suitable for describing
the adsorption process of SMX and Cu(ll) on biochar. The
whole adsorption process includes the composite reaction
of surface adsorption and intra-particle diffusion
adsorption. Therefore, the quasi-second-order kinetic
model can reflect the kinetic mechanism of this
adsorption more comprehensively (Fang et al. 2014; Ho

2006). In addition, the adsorption rate constants of the
mixed system are higher than those of the single system,
indicating that the mixed system favors the adsorption
efficiencies of biochar for SMX and Cu(ll).

3.3. Isothermal sorption

The adsorption isotherms of SMX and Cu are depicted in
Figure 4, and the fitting parameters for SMX and Cu are
summarized in Table 4. As shown in Figure 4, the amount
of SMX and Cu(ll) adsorbed by biochar increases with the
equilibrium concentration. In the single system, due to the
large number of anions on the surface of biochar, Cu(II)



ions undergo an adsorption reaction with these anions
through electrostatic attraction. At the same time, there
are a large number of functional groups on the surface of
biochar, which allow heavy metals to precipitate or
complex with these functional groups. SMX molecules
contain electron-poor parts (protonated amino groups),
so they can act as electron acceptors. The aromatic
structure of biochar makes it a powerful it electron donor,
therefore functional groups have strong m-electron
interactions with the aromatic structure. Compared with
the single system, adsorption capacity in the mixed
system increased significantly (Figure 4(a)). The maximum
adsorption capacity of Cu on HBC300 increases from 18.74
mg/g in the single system to 159.80 mg/g in the mixed
system. As for HBC600, the maximum adsorption capacity
of Cu increased from 24.01 mg/g in the single system to
249.05 mg/g in the mixed system. Therefore, it is
considered that Cu removal can be promoted when the
SMX is present. It could be because when the porous in
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the biochar are filled in by single Cu adsorption, the
sorption is difficult to continue. However, when SMX is
added to the sorption system, -OH on the biochar could
combine with SMX to produce intermediates that
sequentially coordinate with Cu(II). In the same way, the
amount of SMX adsorbed increases significantly with the
presence of Cu. This may be due to not only the pore
adsorption and hydrogen bonding, but also that the
adsorbed Cu( I ) on the biochar can act as a bridging bond
for the adsorption of SMX. In addition, biochar also
contains rich carboxyl groups (-COOH), phenolic hydroxyl
groups (-OH), and other oxygen-containing functional
groups that can form complexes with SMX and Cu(IL).
Langmuir and Freundlich models were used to fit the
isothermal data of SMX and Cu(Il') adsorbed by biochar
(Table 4).

Table 4. Sorption isotherms parameters of SMX and Cu( I ) onto biochar

Pollutants Biochar Langmuir Freundlich
Qm (mg/g) Ki (L/mg) R? K ((L/g)") 1/n R?
SMX HBC600 + Cu 35.07 0.50 0.8352 19.90 0.23 0.9706
HBC600 no Cu 31.30 0.85 0.9310 19.60 0.13 0.9821
HBC300 + Cu 25.34 0.02 0.9661 2.34 0.68 0.9785
HBC300 no Cu 18.03 0.92 0.9247 1.59 0.48 0.9641
Cu(ll) HBC600 + SMX 240.12 0.42 0.9203 2.36 1.24 0.9516
HBC600 no SMX 25.02 0.01 0.8619 1.12 0.46 0.9742
HBC300 + SMX 164.70 0.51 0.9476 2.04 0.97 0.9599
HBC300 no SMX 24.76 0.01 0.8858 1.23 0.32 0.9651
Ll
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Figure 4. Sorption isotherms of Cu(ll)(a) and SMX(b) on biochar

When the adsorption capacity of the adsorbent is strong,
it can better conform to the Freundlich adsorption
isotherm and deviate from the Langmuir isotherm. As the
R? values of the Freundlich model range from 0.95 to 0.98
(Table 4), the Freundlich model fits better than the
Langmuir model, indicating that the sorption of SMX and
Cu on biochar is heterogeneous multilayer adsorption,
including valence forces and van der Waals forces(Stromer
et a/.2018). Judging from the parameters of the two sets
of models, the adsorption capacity of the mixture system
is enhanced. Therefore, it can be inferred that co-
adsorption has a certain promotion effect on the removal
of pollutants compared with single adsorption.

OH-SMX CO-SMX

() i
oy 1y
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OH-Cu-SMX

COOH-Cu-SMX

Figure 5. Optimized configurations of sorption models for
biochar in single(a) and mixed(b) systems

3.4. Quantum chemical calculation results

From the analysis of the kinetic and isothermal sorption, it
can be seen that there may be OH-SMX bond, CO-SMX
bond and COOH-SMX bond between biochar and SMX.
Three kinds of O containing functional groups on biochar
including -OH, -CO and -COOH were considered as
adsorption sites for SMX and SMX-Cu complex. As shown
in Table 5, Compared with -O and -COOH, the sorption
energy of SMX on -OH group of biochar is more negative,
suggesting that -OH group was the main sites for
absorbing SMX. In addition, the sorption energies of OH-
Cu-SMX (-2.88 eV), CO-Cu-SMX (-3.12 eV), and COOH-Cu-
SMX (-3.93 eV) formed by the simultaneous sorption of
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SMX and Cu on the biochars were smaller than those of
OH-SMX (-1.63 eV), CO-SMX (-1.58 eV), and COOH -SMX
bonds (-0.49 eV), indicating that the sorption of pollutants
by biochar is more favorable when two pollutants are co-
existing. Moreover, for all -OH, -CO and -COOH biochar

configurations, the bond between Cu-SMX with biochar
was clearly found (Figure 5). The above results verified
that Cu could act as bridge to enhance the adsorption of
SMX on biochar.

Table 5. Total system energy and sorption energy for different binding units on biochar

Calculation unit

Total system energy (eV) sorption energy (eV)

pre-sorption -OH -829.51 -
-CO -826.12 -
-COOH -834.32 -
-SMX -177.46 -
-Cu-SMX -177.80 -
post-sorption -OH-SMX -1008.60 -1.63218923
-CO-SMX -1005.17 -1.58166821
-COOH-SMX -1012.27 -0.48921977
-OH-Cu-SMX -1010.19 -2.88216571
-CO-Cu-SMX -1007.04 -3.11984307
-COOH-Cu-SMX -1016.05 -3.93211981

4, Conclusions

This study examines the interaction between SMX and Cu
on biochar. The results indicated that in the mixed system,
SMX and Cu have a synergistic effect on each other in the
adsorption process of maize straw biochar. When sorption
equilibrium is reached, the optimum adsorption capacity
of HBC600 for Cu in the mixed system (96.23 mg/g) is
much higher than that of the single system (55.23 mg/g)
in the mixed system. Similarly, the optimum adsorption
capacity of HBC600 for SMX is 24.22 mg/g in the mixed
system, which is higher than that of the single system
(21.61 mg/g). Compared to the single system, the
equilibrium adsorption capacities of HBC300 and HBC600
for SMX and Cu(Il) in the mixed system exhibited a
notable increase, accompanied by a reduction in the time
required to attain adsorption equilibrium. This trend is
consistent with the quasi-second-order kinetic equation,
indicating that the adsorbent has a strong sorption
capacity in the mixed system. In addition, the adsorption
process was consistent with the Freundlich isotherm
model, indicating the multilayer heterogeneous sorption
behavior of biochar in the mixed system. According to the
quantum chemical calculation results, OH-Cu-SMX, CO-Cu-
SMX and COOH-Cu-SMX bonds were formed on the
biochar in the mixed system, and the sorption energies
were greater than those in the single system, indicating
that it is more favorable for the sorption of the two
pollutants on the biochar in the mixed system.
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