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In-depth exploration of the relationship among different adsorption sites is conducive to design of ef-
ficient adsorbents for target pollutants removal from water. In this study, the experiments, multivariate
non-linear regression and density functional theory calculations are applied to explore the possible syn-
ergistic effects of three nitrogen (N)-containing sites on cow dung biochar surface for sulfamethoxazole
(SMX) adsorption. Notably, a strong synergistic effect between pyridinic N and pyrrolic N sites was found
for sulfamethoxazole adsorption. The adsorption energies of SMX on four pyrrolic N-coupled pyridinic
N structures were —1.02, —0.41, —0.49 and —0.72 eV, much higher than the sum of adsorption energies
(=0.31eV) on pyrrolic N and pyridinic N. Besides, the alteration of Mulliken charge revealed that the
simultaneous presence of pyridinic N and pyrrolic N improved the electron transfer remarkably from
—0.459 e and 0.094 e to —0.649 e and 0.186 e, benefiting for SMX adsorption. This work firstly explored
the possible synergies of adsorption sites on biochar surface for organic contaminants removal from wa-
ter, which shed new lights on the adsorption mechanism and provided valuable information to design
efficient adsorbents in the field of water treatment.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Recently, considerable attention has been paid to the water pol-
lution owing to the rapid population growth and advances in in-
dustrial [1-3]. Sulfamethoxazole (SMX) is one of the most com-
monly detected antibiotics in wastewater [4]. Besides, exposing to
SMX could result in the emerge of resistant genes and bacteria,
posing serious threats to human health [5]. The adsorption process
is widely applied for organic pollutants removal due to simple de-
sign, convenient operation and high efficiency [6-10]. Besides, it is
urgent to develop highly efficient adsorbents with high adsorption
capacity and fast adsorption kinetics [11]. Biochar usually exhibits
huge specific surface area (SSA) and abundant functional groups,
which is conducive to the adsorption of organic contaminants. The
biochar is mainly made from waste biomass, regarding as a cost-
effective and environmental-friendly adsorbent [12].

The adsorption sites on biochar surface consist of oxygen-, ni-
trogen (N)-, carbon-related sites and defects. As far as we know,
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the dominant adsorption sites, and interactions between active
sites and pollutants have been investigated broadly [13]. Most
studies have only focused on a single adsorption site when ex-
ploring the contact pattern with pollutants. For example, pyri-
dinic N was involved in hydrophobic effect, while pyrrolic N could
combine with organics through hydrogen bond [14]. In addition,
graphite N adsorbs organic pollutants mainly through m-m elec-
tron donor-acceptor interactions [15].

However, no study has concentrated on the possible interac-
tions among different adsorption sites. The synergy among differ-
ent adsorption sites, especially those containing the same element,
might exist in the process of adsorption due to electron trans-
fer. Therefore, to explore the relationship among different adsorp-
tion sites would benefit for directional regulation of active sites on
biochar surface, realizing efficient adsorption of target pollutants.

Herein, we select N-related adsorption sites on cow dung de-
rived biochar surface as an example to investigate the possi-
ble interactions. The relationships among pyridinic N, pyrrolic N
and graphitic N sites are determined by constructing a multivari-
ate nonlinear mathematical model. Furthermore, the adsorption
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energy between N-containing sites and pollutants is evaluated by
density functional theory (DFT) calculations. Besides, the charge
distribution and transfer number are also estimated in the process
of SMX adsorption, which offers theoretical support for applica-
tions of biochar with N-containing adsorption sites at the molecu-
lar level. This study will provide a new perspective to better under-
stand the adsorption mechanism of organic pollutants by biochar.

The cow dung was pyrolyzed at 500 °C with heating rate of
10 °C/min for 2h in a N, atmosphere to obtain pristine biochar.
Second, the potassium hydroxide and pristine biochar were mixed
with mass ratio of 3:1. The mixture was then pyrolyzed at 500,
600, 700, 800 and 900 °C with heating rate of 10 °C/min for 2 h.
The biochar was washed with deionized water and dried at 60 °C
in a drying oven. The obtained samples were labeled as BC500,
BC600, BC700, BC800 and BC900, respectively.

All materials and chemicals are given in Text S1 (Supporting
information). Adsorption tests and analyses are shown in Text S2
(Supporting information). Characterization of BC are displayed in
Text S3 (Supporting information). DFT calculations are described in
Text S4 (Supporting information).

The adsorption data were fitted by pseudo-first-order and
pseudo-second-order kinetic models (Eqs. 1 and 2).

In (e — q) = In (qe) — kqt (1)

1t
qc kyq? e

where g is the adsorption amount of SMX (mg/g) at time ¢t (min).
ge is the equilibrium adsorption capacity (mg/g); k; (min~1) and
k, (g mg~! min~1) represent the rate constants obtained by the
pseudo-first-order and pseudo-second-order kinetic models.

The interactions of three N-related adsorption sites (graphite
N, pyridinic N and pyrrolic N) were investigated by multiple
non-linear fitting with 1stOpt 15 software based on Levenberg-
Marquardt (LM) and universal global optimization (UGO) algo-
rithms. The fitting model was defined as Eq. 3, which considered
not only the role of a single site, but also the interactions between
two or among three adsorption sites.

(2)

Y =AN1N2N3 + BN{N, +CN2N3 +DN1N3 + EN; + FNy + GN3
(3)

where N;, N, and N3 were the relative content of pyridinic N,
pyrrolic N and graphite N. A, B, C, D, E, F and G referred to the
coefficients. Y represented the adsorption rate.

The pseudo-second-order kinetic model presented a higher
regression coefficient than the pseudo-first-order kinetic model
(Table S1 in Supporting information), indicating the adsorption
of SMX on cow dung-derived biochar was mainly dominated by
chemisorption [16]. The adsorption rate Y (mg g~! min~1) of SMX
can be calculated via Eq. 4 based on the pseudo-second-order ki-
netic model [17].

Y = kyq2 (4)

where ge (mg/g) is the equilibrium adsorption capacity.

Fig. 1 showed the adsorption rate of different biochars towards
SMX. Fig. S2 and Text S5 (Supporting information) displayed the
adsorption rate of SMX by cow dung derived biochar. The adsorp-
tion rate of BC500 was only 3.3 mg g~! min~! due to low SSA of
biochar (100.1 m?/g, Table S2 in Supporting information) prepared
at low temperature [18]. Not enough adsorption sits could be pro-
vided for SMX adsorption. In addition, the adsorption rate elevated
from 3.3 mg g~! min~! to 126.9 mg g~! min~! dramatically with
the temperature increasing from 500 °C to 700 °C. Higher tem-
perature promoted the gasification of metal complexes on biochar
surface, thereby facilitating the formation of pores [19]. As shown
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Fig. 1. Adsorption rate constants of different biochars ([SMX]o= 15mg/L,
[Biochar] =0.8 g/L, pH 5.14, T = 25 °C).

in Table S2, the total pore volume of biochar increased from
0.30 cm?/g to 0.78 cm3/g with temperature elevating from 500 °C
to 700 °C. High temperature promoted the escape of volatile sub-
stances from biochar [20], so it was conducive to the formation of
pore with the increase of temperature. Abundant pores with opti-
mized pore structure might provide more adsorption sites for SMX
removal under higher temperature. However, the adsorption rate
of BC800 was only 75.7 mg g~! min~!, much lower than that of
BC700 (126.9 mg g~ ! min~1) (Fig. 1). The pores of BC800 might be
blocked by tar (Fig. S1 in Supporting information), resulting in a
smaller SSA (675.7 m2/g). In addition, the adsorption rate of BC900
was further decreased to 25.6 mg g~! min~!. The broken crosslinks
and collapsed pores in the carbon matrix might lead to a signifi-
cant reduction of the SSA of BC900 (223.9 m?2/g). Therefore, the
optimal temperature for biochar preparation towards SMX adsorp-
tion was identified as 700 °C [21].

As shown in Table S2, the BC500 showed macroporous struc-
ture with pore size of 59.03 nm, which was much larger than the
diameter of the SMX molecule (1.226 nm) [22]. Consequently, the
larger pores mainly served as diffusion channels and reduced the
interaction forces between the biochar and SMX [13]. Thus, BC500
had a relatively poor adsorption effect. As the temperature in-
creased from 500 °C to 700 °C, the pore size dropped sharply from
59.03 nm to 16.49 nm. The reduction of pore size improved the re-
tention capacity of biochar for SMX and increased the residence
time of SMX in the pores, thus promoting the adsorption of SMX.
Studies showed that carbonaceous materials with a pore size of
16.8 nm had superior adsorption capacity for organic matter [23].
The total pore volume of biochar decreased from 0.78 cm3/g to
0.35 cm3/g with temperature increasing from 700 °C to 900 °C.
High temperature could destroy the pore structure and cause pore
collapse, resulting in a downward trend in total pore volume.
Therefore, the retention capacity of biochar to SMX would be fur-
ther reduced with the expansion of pore size, which was not con-
ducive to the adsorption of SMX.

The high-resolution N1s spectrum of biochar was deconvoluted
into three peaks at 398.5, 399.6 and 400.7 eV, corresponding to
the pyridinic N, pyrrolic N and graphitic N, respectively [24,25].
In addition, the total N content and the relative contents of N
related-active sites in biochar were displayed in Fig. 2 and Table
S3 (Supporting information). The total N content experienced a
huge decrease from 12.0% to 5.9% with the pyrolysis temperature
rising from 500 °C to 700 °C. Unstable N-containing substances
and groups were decomposed continuously under higher pyroly-
sis temperature [26]. However, the generated tar would block the
holes, limiting the consumption of N-containing substances when
the temperature reached 800 °C [21]. Besides, the graphitic N
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Fig. 2. Relative contents of N-related adsorption sites on cow dung-derived biochar
surface.

content rose from 2.0% to 4.6% with the pyrolysis temperature
increasing from 500 °C to 900 °C. Conversely, the proportion of
pyrrolic N declined from 4.8% (BC500) to 1.2% (BC800). The struc-
ture of graphitic N was more stable than pyrrolic N. The C atoms in
biochar were more easily replaced by N atoms to form graphitic N
at higher pyrolysis temperature [27,28]. Furthermore, the content
of pyridinic N in BC500 was as high as 5.2%, but stable around
1% at temperature higher than 500 °C. The pyrrolic N content de-
creased from 4.75 at% at 500 °C to 1.15 at% at 800 °C, attributing
to the conversion of pyrrolic N to graphitic N [29]. In addition, the
content of pyrrolic N increased from 1.15 at% to 2.15 at% when the
temperature elevated from 800 °C to 900 °C, which was not con-
ducive to the SMX adsorption by biochar. Thus, the pyrolysis tem-
perature over 500 °C might have a minor influence on the content
of pyridinic N.

The relationships between N-related adsorption sites and Y
(mg g~! min~!) were analyzed via multivariate non-linear regres-
sion. The roles of N-related adsorption sites for SMX removal were
displayed in Eq. 5.

Y = —17.02N;N;N3 + 2.52N;N; — 56.40N;N3 — 32.12N1N;
+122.31N; + 193.62N, + 45.69N3 (5)

The full XPS and XRD spectra were provided to prove that there
were no other potential metal adsorption sites in the carbon ma-
terial (Fig. S3 and Text S6 in Supporting information). In addi-
tion, FTIR spectra demonstrated that the adsorption contributions
of —OH, C—0-C and C=0 groups on biochar surface to SMX re-
moval could be eliminated (Fig. S4 and Text S7 in Supporting in-
formation).

Clearly, the factors of Ny, N, and N3 in Eq. 5 were positive,
indicating the significant role of single pyridinic N, pyrrolic N or
graphitic N site in the process of SMX adsorption. In addition, the
value of the coefficient indicated the contribution of the corre-
sponding adsorption site. According to the individual adsorption
sites, pyrrolic N had the largest contribution value, which was 1.58
and 4.24 times than pyridine N and graphite N. According to the
literature, pyridinic N could combine with 7 electrons in aromatic
ring of the organic pollutants to improve the w-m dispersion in-
teractions [14]. In addition, the role of pyrrolic N was similar to
that of —OH group, which could form hydrogen bonds with pollu-
tants [30]. Furthermore, graphitic N could decline the m-electron
density of biochar, strengthening the -7 electron donor-acceptor
interactions between biochar and SMX [14].

The negative factors of NyN3 and N{N3 showed that the exis-
tence of graphitic N might compete with pyridinic N or pyrrolic
N for the SMX adsorption. The absolute value of N;N3 was larger,
indicating that graphite N and pyrrole N had a stronger antago-
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Fig. 3. The equilibrium configurations and adsorption energy of SMX on (a) pyri-
dinic N, (b) pyrrolic N and (c) pyrrolic N-coupled pyridinic N sites. Red and black
circles refer to pyridinic N and pyrrolic N, respectively.

nism. Similarly, negative factors of N;N,N3 were also presented in
Eq. 5. Obviously, no synergistic effect occurred among the three
N-related sites. Noticeably, the positive factor of NN, (Eq. 5) indi-
cated that the synergistic effect between pyridinic N and pyrrolic
N could facilitate SMX adsorption.

The equilibrium configurations and adsorption energy of SMX
on pyridinic N, pyrrolic N, pyridinic N-coupled pyrrolic N sites on
biochar surface were shown in Fig. 3. To further explain the syn-
ergistic effect of pyridinic N and pyrrolic N on SMX adsorption,
four adsorption equilibrium configurations were constructed with
coexisting pyridinic N and pyrrolic N according to various contact
modes between adsorption sites and SMX. As control, adsorption
equilibrium configurations on single pyridinic N or pyrrolic N site
were also established. The first-principles calculation was applied
to calculate the adsorption energies of SMX on pyridinic N, pyrrolic
N, and pyrrolic N-coupled pyridinic N sites. Adsorption energy
indicated the stability of pollutant molecules on biochar surface
[31]. Negative adsorption energy values represented the significant
chemical interactions between organic matter and biochars [32].
Positive values indicated that external factors were required for the
interaction of pollutants with biochars, implying the adsorption re-
action was not prone to occur [33]. Obviously, the adsorption en-
ergy of SMX on pyrrolic N (—0.29 eV) was much higher than that
on pyridinic N (—0.02 eV), revealing the stronger adsorption capac-
ity of pyrrolic N site than that of pyridinic N towards SMX (Figs. 3a
and b). The pyrrolic N might interact with organic contaminants
by hydrogen bonding, playing a major role in SMX adsorption [14].
In addition, Fig. 3c depicted four optimized equilibrium configu-
rations of SMX at the pyrrolic N-coupled pyridinic N adsorption
site. The adsorption energies of SMX in the four coupling struc-
tures were calculated as —1.02, —0.41, —0.49 and —0.72 eV, which
were 0.71, 0.10, 0.18, 0.42 eV higher than the sum of adsorption en-
ergies (—0.31eV) on single pyrrolic N and pyridinic N sites, respec-
tively. Clearly, the combination of pyridinic N and pyrrolic N could
facilitate the adsorption of SMX.

To elucidate the interfacial mechanism during the adsorption
of SMX by biochar at electronic level, the charge density distribu-
tion was collected and analyzed. Fig. 4. displayed the differential
charge density distribution for the optimized adsorption configu-
ration of pyrrolic N, pyridinic N and pyrrolic N-coupled pyridinic N
sites. The blue and yellow parts represent the loss and gain of elec-
trons, respectively. In addition, the overlapping electron indicated
the affinity between biochar and SMX. Generally, a higher degree
of overlap meant a stronger affinity [34]. Obviously, the electron
cloud overlapped between biochar and SMX in all models. In addi-
tion, the electron sharing range of pyridinic N was lower than that
of pyrrolic N due to the strong m-electron conjugation of the high-
est occupied molecular orbital (HOMO) of pyrrolic N. The HOMO
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Fig. 4. The charge density difference of SMX adsorbed on (a-c) pyridinic N, (d-f)
pyrrolic N and (g-i) pyrrolic N-coupled pyridinic N sites.

of pyrrolic ring was a m-orbital, while that of pyridinic ring was a
p-orbital [35]. In comparison, the range of shared electrons in the
pyrrolic N-coupled pyridinic N model was the widest. The coexis-
tence of pyridinic N and pyrrolic N increased the 7 electron den-
sity of biochar. In consequence, the pyrrolic N-coupled pyridinic N
adsorption sites had stronger interactions with SMX pollutants.

The Mulliken charge alteration of related atoms on biochar sur-
face before and after adsorption of SMX was displayed in Table S4
(Supporting information). Extensive charge transfer occurred be-
tween adsorption sites and SMX. For a single adsorption site, the
electron density around pyrrolic N atom increased by 0.094 e while
that around pyridinic N decreased by 0.459 e after SMX adsorption.
In the coexistence of pyridinic N and pyrrolic N, the electron den-
sity around pyrrolic N atom increased by 0.186 e, which decreased
by 0.649 e around pyridinic N. The number of electrons transferred
under both two N sites was larger than that obtained under single
N site. Undoubtedly, the coexistence of pyridinic N and pyrrolic N
enhanced the charge transfer between the two N-adsorption sites
and SMX. As we know, the greater the amount of charge transfer,
the stronger the electrostatic force between SMX and adsorption
sites [36]. Therefore, the pyrrolic N-coupled pyridinic N adsorption
sites had stronger electrostatic attraction to SMX. In addition, as
shown in Table S5 and Fig. S5 (Supporting information), O1 atom
lost 3.819 e and 2.861 e in the presence of pyridinic N and pyrrolic
N sites alone, but there was no charge transfer in the existence of
pyrrolic N-coupled pyridinic N site. In addition, no charge trans-
fer was occurred in the O atoms at other positions and S atom. As
shown in Table S6 and Fig. S6 (Supporting information), the charge
transferred amount in carbon atoms adjacent to the nitrogen sites
was zero, implying no charge transfer.

The interaction among N-related adsorption sites on cow dung-
derived biochar surface towards SMX adsorption was explored sys-
tematically. The synergy between pyridinic N and pyrrolic N sites
was witnessed during SMX adsorption. Besides, the adsorption en-
ergy values were higher towards SMX in the coexistence of pyri-
dinic N and pyrrolic N than the sum of adsorption energies ob-
tained by single pyridinic N and pyrrolic N, further confirming the
positive effects between pyridinic N and pyrrolic N. In addition,
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the coexistence of pyridinic N and pyrrolic N enhanced the charge
transfer between adsorption sites and SMX considerably, which
had stronger electrostatic attraction to SMX. The obtained results
could help to re-understand the contribution of active sites on the
adsorbent surface to contaminants removal. Future research needs
to further concentrate on the interactions among other adsorption
sites to design highly-active adsorbents for water treatment.
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