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Abstract: In this study, biochar was prepared via hybrid doping of N, O, and S by applying one-pot
pyrolysis of poplar wood and S-containing urea formaldehyde at 900 ◦C. Different doping ratios were
adopted, and the contents of O, N, and S were in the ranges of 2.78–5.56%, 2.16–4.92%, and 1.42–4.98%,
respectively. This hybrid doping significantly enhanced the efficiency of the removal of tetracycline
(40 mg/L) from wastewater to 71.84% in comparison with that attained by using normal poplar
biochar (29.45%). The adsorption kinetics and isotherms indicated that the adsorption process was
favorable and was dominated by chemisorption instead of physisorption; the dominant adsorption
process may be justified by the existence of abundant functional groups. The adsorption capacity
was barely related to the surface area (R2 = 0.478), while it was closely related to the concentration of
graphitic N (R2 = 0.985) because graphitic N enhanced the π–π interactions. The adsorption capacity
was also highly related to the proportion of oxidized N and oxidized S owing to hydrogen bonding,
which may have overlapped with the contribution of O-containing functional groups. This study
presents a simple hybrid doping method for biochar modification and provides fundamental insights
into the specific effects of O-, N- and S-containing functional groups on the performance of biochar
for tetracycline removal.

Keywords: hybrid doping of N, O, and S; biochar; poplar; adsorption; functional groups; tetracycline

1. Introduction

Biochar prepared through biomass pyrolysis is a solid carbon-rich material [1]. It has
been extensively utilized in many arenas, such as pollutant adsorption, soil remediation,
carbon-based catalysts, and energy storage, due to its specific properties [2,3]. Compared
with other carbon-based adsorbents, such as activated carbon and carbon nanotubes,
biochar has gained extensive attention for its environmental friendliness nature, low price,
and versatile structure (e.g., porous structure, aromatic structure, and plentiful functional
groups) [4–7]. Moreover, the use of biochar is regarded as a carbon-reduction method
since biochar can sequester carbon and will, thus, mitigate the climate change caused by
greenhouse gas emissions [8–10]. However, the contaminant removal efficiency of primeval
biochar is limited by its undeveloped structure [1]. In previous studies, heteroatom-doped
(e.g., N, S, P, F, and B) biochar exhibited an enhanced adsorption capacity that was attributed
to its optimized structural characteristics, such as its improved pore structure and many
active sites on the surface [11–16]. For instance, Li et al. [1] reported that N-doped activated
biochar (N content = 10.41%) prepared at 700 ◦C showed a higher adsorption of phenol
(95.88 mg/g) than that prepared at 600 ◦C (9.58 mg/g, N content = 8.47%) due to the high
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content of graphitic N (i.e., N-G). Feng et al. [11] revealed that biochar that was dual-doped
with O and N showed an enhanced absorption of phenols, for which the hydroxyl and
pyrrole-N (N-6) groups were responsible. Chen et al. [17] and Guo et al. [18] found that the
co-doping of an N atom and S atom could decrease the adsorption energy of biochar via
synergistic effects and that the biochar exhibited a high adsorption capacity for Cr(VI) and
diethyl phthalate.

Water pollution caused by antibiotics is harmful to humankind and aquatic organisms
and is becoming increasingly severe [19–21]. Tetracycline (TC) is a typical broad-spectrum
antibiotic with a tetraphenyl structure that has been widely used for its low price and
effectiveness in medical uses; it is the most widely consumed antibiotic worldwide [22,23].
However, the metabolic efficiency of TC is relatively low, and most of it is evacuated
into the environment via urine and feces [24]. TC exists in water bodies such as surface
water, groundwater, and drinking water [25]. In recent studies, adsorption has been
suggested as a promising technique for purifying TC-polluted water [26–28] due to its cost
effectiveness, ease of operation, high removal efficiency, and the lack of secondary pollution
involved [29,30]. However, the contribution of tri-doped biochar with O, N, and S species
for TC adsorption remains unknown.

Therefore, this study aims to explore the particular effects of O-, N-, and S-containing
functional groups on the performance of biochar in TC adsorption. A one-pot hybrid
doping process was carried out through the co-pyrolysis of poplar wood and S-containing
urea formaldehyde (UF) using different mixing ratios. Poplar wood is a commonly used raw
wood material, and UF is a widely used glue in the artificial board industry (e.g., fiberboard,
chipboard, and plywood). In this study, the accumulation of waste poplar and artificial
board was addressed by showing the potential applications of the biochar derived from
them. The N-, O-, and S-tri-doped biochar samples were systemically characterized by using
various techniques, including elemental analysis, X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), Raman spectroscopy, and N2 adsorption/desorption isotherms.
These samples were used for TC adsorption, and the influence of the hybrid doping was
evaluated. The adsorption isotherms and kinetics were also determined to investigate the
adsorption mechanism. Finally, the intrinsic relationship between the adsorption capacity
and hybrid doping was revealed.

2. Experimental Section
2.1. Materials

Analytical-grade TC was acquired from Macklin Biochemical (Shanghai, China). HCl
(98%) was purchased from Nanjing Chemical Reagent Co., Ltd. (Nanjing, China). Poplar
wood and S-containing UF were provided by local wood-processing plants; their elemental
analyses are shown in Table S1. UF, also known as wood glue powder, is usually made from
powdered UF resin, a reinforcing and curing agent, and it sometimes contains an extender
compound. In this study, the UF that was used was prepared by using (NH4)2SO4 as the
curing agent and gypsum powder (CaSO4·2H2O) as the extender. This type of UF has a
high S content (4.96%) and is cheap, which helps to lower the cost of the prepared biochar
and increase the economic benefits. All solutions were prepared with deionized water.

2.2. Preparation of Biochar with Hybrid Doping of N, O, and S

As previously reported [31], to begin with, the poplar wood (150–250 µm) and UF
were fully mixed, and the mass ratios of UF were 10%, 30%, and 50%, respectively. The N-,
O-, and S-tri-doped biochars were produced through slow pyrolysis of the aforementioned
mixture with a tube furnace (YGDL-1200, Shanghai Yuzhi Electromechanical Equipment
Co., Ltd., Shanghai, China) at 900 ◦C. A high pyrolysis temperature (900 ◦C) was chosen
because biochar prepared at high temperatures possesses a high degree of graphitization,
which is beneficial for TC adsorption [32]. The biochar also had a low content of O, which
helped determine the effect of N- and S-containing functional groups. All of the pyrolysis
experiments were started at 25 ◦C with a heating rate of 10 ◦C/min (up to 900 ◦C), a holding
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time of 1 h, and a N2 flow rate of 0.6 L/min. To remove both the ash and the impurities,
the biochars were washed using 0.2 M HCl when cooled down. Then the biochars were
thoroughly washed with deionized water until the filtrate was neutral, and they were dried
at 80 ◦C. Finally, the N-, O-, and S-tri-doped biochar samples were obtained and denoted
as NOS-biochar (also denoted as PUF-10%, PUF-30%, and PUF-50% to indicate the UF
mass ratios of 10%, 30%, and 50%, respectively). To further investigate the effect of the
N-containing functional groups, N-doped biochar samples produced with 90% poplar and
10% urea were obtained, and they are denoted as PU-10%. Undoped biochar (PBC) was
prepared from poplar.

2.3. Characterization of Biochar with Hybrid Doping of N, O, and S

The biochar samples were characterized via the following technologies [31]. Ulti-
mate analysis was conducted using an elemental analyzer (Perkin-Elmer 2400 Series II,
PerkinElmer, Waltham, MA, USA). The surface morphology and crystalline structure of the
biochars were investigated through scanning electron microscopy (SEM; JSM-7600F, Japan
Electronics, Tokyo, Japan), Raman spectrometry (DXR 532, Thermo Scientific, Waltham, MA,
USA), and X-ray diffraction (XRD; Ultima IV, Rigaku, Tokyo, Japan). The functional groups
of the biochars were determined through Fourier transform infrared (FTIR) spectrometry
(Vertex 80V, Bruker, Karlsruhe, Germany). XPS (AXIS Ultra DLD, Kratos, Manchester, UK)
was adopted to characterize the surface elemental compositions of the biochars. An au-
tosorb specific surface area analyzer (BSD-PS, BeiShiDe Instrument, Beijing, China) with N2
as the adsorbate at 77 K was applied to study the Brunauer–Emmett–Teller (BET) surface
area and pore size distribution of the biochars.

2.4. Batch TC Adsorption Experiments

To perform the batch adsorption experiments, 0.1 g of biochar was added to 100 mL of
TC solution (C0 = 40 mg/L) and stirred for two days at room temperature (~25 ◦C). Then,
5 mL of the mixture was acquired and separated using a Millipore filter (0.22-µm). After fil-
tering, the concentration of TC was examined via a UV-visible (UV-Vis) spectrophotometer
(UV2600i, Shimadzu, Kyoto, Japan) at 360 nm. The removal efficiency (η) was calculated
based on Equation (1):

η =
C0 − Ce

C0
× 100% (1)

where C0 and Ce are the initial and equilibrium TC concentrations (mg/L), respectively.
The adsorption capacity, qe (mg/g), was obtained with Equation (2) [33]:

qe =
C0 − Ce

m
V (2)

where V is the volume for the TC solution (L), while m is the weight of the biochar (g).
Separate batches of the adsorption experiments were conducted to obtain kinetic

data that fit with the pseudo-first- and pseudo-second-order models. A concentration
of 40 mg/L was used as the initial concentration of TC, and the TC-to-biochar ratio was
100 mL/100 mg. The mixtures of biochar and TC were stirred for 1/6, 1/2, 1, 2, 4, 6, 10, 12,
24, 29, 35, 36, and 48 h at ~25 ◦C. Finally, the residual TC concentrations were examined.
The formulas of the pseudo-first- and pseudo-second-order models were:

Pseudo-first order : ln(qe − qt) = ln qe − k1t (3)

Pseudo-second order :
t
qt

=
1

K2q2
e
+

t
qe

(4)

where qe (mg/g) is the amount of TC adsorbed at equilibrium, qt (mg/g) is the amount of
TC adsorbed at time t, and k1 (min−1) and k2 (g·mg−1h−1) are the first- and second-order
rate constants, respectively.
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Other batches of adsorption experiments were conducted to estimate the adsorption
isotherms of TC on the NOS-biochar samples. The other parameters remained the same,
but the initial TC concentrations were 5, 10, 20, 40, 60, 80, 100, and 120 mg/L, respectively.
The mixtures were stirred for two days. The Langmuir and Freundlich isotherm models
were used to estimate the adsorption behavior of TC on biochar; see Equations (5) and (6):

Langmuir model : qe =
qmkLCe

1 + kLCe
(5)

Freundlich model : qe = kFce
1
n (6)

where Ce is the TC equilibrium concentration (mg/L), qe and qm are the adsorption
capacity (mg/g) and the maximum adsorption capacity (mg/g), KL (L/mmol) and KF
[(mmol/g)·(L/mmol)1/n] are the Langmuir and Freundlich constants, and n is the Fre-
undlich constant that has relation to the adsorption efficiency.

3. Results and Discussion
3.1. Characteristics of Biochar with Hybrid Doping of N, O, and S

Table 1 lists the yields and the proximate and elemental analyses of the biochars.
When the mass ratio of UF was increased from 0% to 50%, both the yield (20.6–13.9%) and
the ash content (4.09–2.83%) of the NOS-biochar decreased, whereas the volatile content
(5.70–9.91%) increased. Furthermore, as the doping ratio increased, the carbon content
dropped from 97.65% to 83.24%, whereas the oxygen content gradually increased from
1.09% to 5.56%; sulfur was successfully included, and its content increased significantly
from 0.01% to 4.98%. The N content of NOS-biochar also increased considerably from 0.26%
to 4.92%. The ratios of H/C (aromaticity) and O/C (polarity) displayed similar trends of
rising from 0.0112 to 0.0182 and 0.0112 to 0.0670, respectively. The H/C ratio reflects the
organic residues in biochar, and N doping may increase the content of organic matter [19].
The increased H/C ratio indicated more organic matter in the NOS-biochar and a decrease
in the aromaticity. Therefore, the NOS-biochar can easily undergo electron exchange with
pollutants. The O/C ratio reflects the hydrophilicity of biochar, and the hydrophilicity of
the NOS-biochar increased gradually. This meant that the higher UF mixing ratio increased
the wettability of the surface of the NOS-biochar, and it may have increased the adsorption
capacity [1].

Table 1. Yields and proximate and elemental analyses of biochar samples.

Samples Yield
Proximate Analysis (wt%, db a) Elemental Analysis (wt%, daf b)

Volatile Fixed Carbon Ash C H O c N S H/C d O/C d

PBC e 20.6 5.70 90.22 4.09 97.55 1.09 1.09 0.26 0.01 0.1341 0.0084
PU-10% f 19.4 7.03 91.13 1.84 91.76 1.14 4.13 2.44 0.53 0.1491 0.0338

PUF-10% g 20.6 7.21 88.99 3.81 92.21 1.43 2.78 2.16 1.42 0.1861 0.0226
PUF-30% g 17.5 8.98 88.17 2.86 87.01 1.47 4.01 3.98 3.53 0.2027 0.0346
PUF-50% g 13.9 9.91 87.26 2.83 83.03 1.51 5.56 4.92 4.98 0.2182 0.0502

a Dry basis; b dry and ash-free basis; c by difference; d atomic ratio; e PBC means biochar derived from poplar;
f PU-10% stands for biochar prepared with poplar and urea (10% of urea); g PUF-X stands for biochar prepared
with poplar and urea formaldehyde with the mass ratios of urea formaldehyde being 10%, 30%, and 50%.

The surface functionalities were characterized by using FTIR spectra; see Figure 1a. The
broad bands at approximately 3470 and 3417 cm−1 may have been due to the –OH stretching
vibrations of hydroxyl functional groups and the –NH2 stretching mode [34,35]. The weak
peaks at 2924 cm−1 were due to C–H stretching vibrations [36]. The weak peak at 1631 cm−1

was assigned to the aromatic stretching of C–C groups or the stretching of C=O, and the very
weak peaks at 1384 and 1101 cm−1 were due to CH3 and alcoholic C–C stretching [37,38].
According to the FTIR spectrum, O- and N-containing functional groups were found in the
NOS-biochar samples. The aromatic ring structure was also found in NOS-biochar samples
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that had a low aromaticity. TC contains phenol, amine, hydroxyl, and ketone groups [39],
which can form π–π interactions with the aromatic ring structure and hydrogen bonds with
O- and N-containing functional groups on the surface of biochar.
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Figure 1. FTIR spectra (a) and XPS spectra (b) of PBC, PU-10%, PUF-10%, PUF-30%, and PUF-50%.
PBC stands for biochar prepared with poplar; PU-10 stands for biochar prepared with poplar and
urea, and the mass ratio of urea is 10%; PUF-X stands for biochar prepared with poplar and urea
formaldehyde, and the mass ratio of urea formaldehyde is 10%, 30%, or 50%.

To further explore the nature of the surface functionalities, the XPS spectra were
investigated. As shown in Figure 1b, four major peaks of C1s, O1s, N1s, and S2p were
noticed on the biochar surface, and the atomic contents are listed in Table 2. The C content
was reduced when the doping ratio increased, while the N, O, and S contents increased,
which was in agreement with the results obtained from the elemental analysis. The highest
N and S atomic contents were 3.3 and 1.3 at.%, respectively (PUF-50%).

Table 2. Elemental composition, C-containing functional groups, N-containing functional groups,
and S-containing functional groups of the biochar surface from the XPS analysis.

Samples

Elemental
Composition (at.%)

Carbon-Containing Functional
Group (at.%)

Nitrogen-Containing Functional Group
(at.%)

Sulfur-Containing
Functional Group (at.%)

C N O S C=C
284.8 eV

C–OH
285.8 eV

C=O
287.2 and
289.2 eV

N-6
398.5 eV

N-5
400.3 eV

N-G
401.2 eV

N-O
403.8 eV

S2P3/2
164.0 eV

S2P1/2
165.2 eV

Sulfate
168.5 eV

PBC 95.71 0 4.29 0 65.5 16.4 18.2 0 0 0 0 0 0 0
PU-10% 91.52 1.87 6.55 0.06 62.7 17.7 19.5 36.7 10.1 26.6 26.5 0 0 0

PUF-10% 91.97 1.66 5.88 0.49 63.2 18.6 18.3 16.5 41.2 23.4 18.9 39.3 32.7 28.0
PUF-30% 89.51 3.56 6.00 0.93 59.6 17.5 22.9 33.4 27.1 18.8 20.8 37.1 46.3 16.5
PUF-50% 87.63 3.31 7.74 1.32 58.1 26.3 15.6 29.9 11.6 30.8 27.7 39.8 20.7 39.5

The peak fittings of C1s, N1s, and S2p are displayed in Figures S1–S3, and the propor-
tion of each element existing in its different forms was calculated according to the results
of the peak division (Table 2). The N1s of PBC and the S2p of PBC and PU-10% were not
analyzed, as their corresponding contents were lower than the detection limit. The high-
resolution S2p peaks of the biochars could be fitted with three peaks that were assigned to
oxidized sulfur species (168.5 eV, –C–SO4–C– or –C–SO3–C–), as well as S2p1/2 (165.2 eV)
and S2p3/2 (164.0 eV) of the –C–S–C– covalent bond [17,18,40]. The content of oxidized
S became larger with a higher doping ratio, while that of tioetheric S fell. The N1s peaks
of the NOS-biochar could be fitted into four peaks, which were attributed to pyridinic-N
(N-6), pyrrolic-N (N-5), graphitic-N [41], and nitrogen oxides (N-O) [42,43]. The relative
content of N-5 dramatically decreased with the increase in the doping ratio, which may
have been due to its poor stability, whereas those of N-6, N-G, and N-O rose. Similarly to
above, this may have been due to the enhanced reaction between the N- and O-containing
groups on the surface of the biochar, which was led by more N-doping [44]. Introducing
N-containing and S-containing functional groups could decrease the electronegativity of
the C layer. The reduction in the electronegativity improved its adsorption capacity by
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increasing its ability to accept π electrons and encouraging the π–π and Lewis acid–base
interactions with TC molecules during adsorption [42].

The microscopic morphology of the NOS-biochar with different doping ratios was
explored by using SEM (Figure S4). However, the SEM images of the biochar samples
with and without N-, O-, and S-tri-doping were very similar, and there was no convincing
evidence of the development of a porous structure. To understand the porous structure of
the NOS-biochar samples, the N2 adsorption/desorption isotherms and pore size distribu-
tion were analyzed; see Figure 2a. The adsorption isotherms of PBC (undoped biochar),
PU-10% (N-doped biochar), and PUF-10% (NOS-biochar with a low doping ratio) had no
hysteresis loops and basically met the I-type adsorption isotherm, suggesting the presence
of micropore-rich structures. However, when the doping ratio increased, the adsorption
isotherm of the NOS-biochar had a visible hysteresis cycle in the relative pressure (P/P0)
range of 0.4–1.0, and it met the IV-type adsorption isotherm, representing the presence of
mesopores. The pore size of the biochar samples was predominantly 1.8–2 nm. The BET
surface area (see Table 3) was reduced with the addition of 10% UF or urea from 477.1 m2/g
to 431.4 and 459.8 m2/g, respectively. One possible reason is that the introduction of the N
and/or S atoms into the biochar framework may have led to the collapse of microporous
passages, which also decreased the total pore volume. However, both the surface area
and the pore volume became larger when the doping ratio rose to 30% and 50%. This
may be attributed to the pore-forming effect of UF on biochar, as its pyrolysis products
are mainly nitrogenous compounds such as isocyanate and NH3 [45], which can act as
activation agents by etching the carbon skeleton during pyrolysis—especially NH3 [46,47].
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Figure 2. (a) Nitrogen adsorption/desorption isotherms, (b) pore size distributions, (c) XRD patterns,
and (d) Raman spectra of PBC, PU-10%, PUF-10%, PUF-30%, and PUF-50%.
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Table 3. Pore structure of the biochar samples.

Samples Surface Area
(m2/g)

Smicro
(m2/g)

Pore Volume
(cm3/g)

Pmicro
(cm3/g)

Average Pore Size
(nm)

PBC 477.1 440.7 0.216 0.171 1.81
PU-10% 431.4 400.7 0.196 0.157 1.82

PUF-10% 459.8 430.7 0.213 0.168 1.85
PUF-30% 495.4 455.6 0.238 0.180 1.92
PUF-50% 542.5 498.4 0.275 0.198 2.02

The XRD patterns of the biochar samples are displayed in Figure 2c. All samples had
similar diffraction peaks that were located at about 24◦ and 44◦, which corresponded to a
disordered and amorphous C structure (002) and graphitized C (100) [31]. This aspect suggests
that all biochar samples experienced an extent of graphitization crystallization [48,49]. These
NOS-biochar and PBC samples had similar diffraction patterns, indicating that atom doping
did not significantly alter the overall crystal structure of C. With a higher doping ratio, the (002)
peak gradually shifted from 23.8◦ to 24.5◦, meaning that some of the N atoms were introduced
into the carbon skeleton. It is known that doping with atoms with a small ionic radius usually
leads to a positive shift in the diffraction peak because of the small interlayer space [42].

To investigate the graphitization degree, the Raman spectra of the biochar samples
were analyzed; see Figure 2d. The two strong peaks located at 1580 and 1350 cm−1 were
attributed to the D band, representing a disordered and amorphous structure, and the
G band, representing a crystalline graphite structure, which were C sp2 and sp2 hybrid
configurations, respectively [42]. The relative intensity ratios of D to G (ID/IG) were
calculated, and the results showed that after N and/or S doping, the ID/IG ratio increased
from 1.49 to 1.62, suggesting that the degree of graphitization slightly decreased. This
indicates that the doping of heteroatoms in C material leads to C disorder and structural
defects [50,51]. As mentioned earlier, this occurrence may have been due to the erosion of
the biochar by the pyrolysis products of UF. Biochar that contains more defect sites can
offer more adsorption sites and, hence, improve the adsorption capacity.

3.2. TC Adsorption Performance of Biochar with Hybrid Doping of N, O, and S

The NOS-biochar samples were applied to remove TC, and the results are presented in
Figure 3. The efficiency of TC adsorption by the NOS-biochar was higher than that of PBC
(29.45%) and increased from 31.0% to 71.84% with a higher doping ratio. Based on the above
discussion on the characterization of biochar samples, there were three reasons for the
improvement adsorption performance: (1) The increase in the BET surface area provided
more adsorption sites; (2) the increase in the O content provided more O species that could
interact with TC molecules via hydrogen bonds; (3) the introduction of N and/or S species
enhanced the π–π interaction and Lewis acid–base interaction with the TC molecules.
However, the BET surface area of PUF-10% was 459.8 m2/g and was slightly less than that
of PBC (477.1 m2/g), while the removal efficiency of PUF-10% (31.0%) was a little higher
than that of PBC (29.5%). These results imply that the higher content of O, N, and/or S was
the main reason for the improvement in the adsorption performance.

To further study the roles of O, N, and S species in TC adsorption, PU-10% with a
very low S content was prepared and used to adsorb TC. The results showed that the BET
surface area and S content of PU-10% (431 m2/g and 0.53%) were lower than those of
PUF-10%, while the contents of O and N were higher (3.99% and 2.45%). However, the
removal efficiency of PU-10% (41.7%) was substantially higher than that of PUF-10%. This
suggests that the introduction of N and O into biochar is more important than doping with
S species.
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Adsorption reactions are known to take place on the surface of biochar; thus, it is
essential to analyze the elemental composition and functional groups on the surface of
biochar. Table 2 shows that PU-10% had slightly higher surface O and N contents than
those of PUF-10% and a lower surface S content. This result also implies that, compared to
the S-containing functional groups, the O- and N-containing functional groups dominate
the TC adsorption ability of biochar. However, this result cannot explain why PUF-50%
showed a better adsorption performance than that of PUF-30%, since PUF-30% had a higher
surface O content and a slightly lower N content than those of PUF-50%. Therefore, the
compositions of different forms of N-containing functional groups were analyzed. Table 2
shows that the proportions of N-5 and N-6 in PUF-30% were higher than those in PUF-50,
whereas the proportions of N-G and N-O were lower. PU-10% also possessed higher
contents of N-G and N-O than those in PUF-10%. This implies that N-G and N-O play
vital roles in the TC adsorption of N-doped biochar among the four types of N-containing
functional groups; thus, PUF-50% achieved a greater absorption than PUF-30% did. This is
reasonable considering the structure of N-G, in which the N atom is in the middle of three
aromatic rings, which leads to a reduction in the electronegativity of the C layer and an
improved ability to accept π electrons. As a result, π–π and Lewis acid–base interactions
between biochar and TC molecules are encouraged during adsorption, thus improving the
adsorption ability of biochar. As for N-O, it can enhance the interactions between TC and
biochar through hydrogen bonds.

3.3. Adsorption Isotherms and Kinetics

To evaluate the TC adsorption kinetics of the NOS-biochar, pseudo-first- and pseudo-
second-order models were adopted to fit the kinetic adsorption data via linear regression.
The adsorption kinetic curves are displayed in Figure 4, and the corresponding fitting
parameters are listed in Table 4. The correlation coefficient (R2) suggests that the pseudo-
second-order model (R2 = 0.95–0.99) fit the kinetic adsorption data better than the pseudo-
first-order model did (R2 = 0.93–0.99). The calculated equilibrium adsorption capacities
(Qe,cal) of all biochar samples from the pseudo-second-order model were in good agreement
with the corresponding experimental data, but those from the pseudo-first-order model
varied very much. These facts imply that the behavior of TC adsorption is mainly driven
by chemisorption [52,53]. As discussed in Section 3.2, doping with N and/or S generates
more functional groups, especially N-containing functional groups, such as N-G and N-O,
which offer new chemical adsorption sites [18].
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Figure 4. Adsorption kinetics of TC onto (a) PBC, (b) PU-10%, (c) PUF-10%, (d) PUF-30%, and
(e) PUF-50%.

Table 4. Values of the fitting parameters obtained using two models for TC adsorption kinetics.

Samples
Pseudo-First-Order Model Pseudo-Second-Order Model

Qe,cal (mg/g) K1 (min−1) R2 Qe,cal (mg/g) K2 (mg/g/min) R2

PBC 8.70 5.77 × 10−4 0.935 11.35 4.21 × 10−4 0.962
PU-10% 10.93 7.40 × 10−4 0.990 16.78 3.62 × 10−4 0.986

PUF-10% 8.88 6.05 × 10−4 0.942 11.16 3.70 × 10−4 0.955
PUF-30% 14.16 7.52 × 10−4 0.956 18.89 0.28 × 10−4 0.967
PUF-50% 20.17 7.35 × 10−4 0.969 29.23 1.79 × 10−4 0.978

The adsorption isotherms were also examined via the Langmuir and Freundlich isotherm
models to further study the adsorption mechanisms, and the results are presented in Figure 5
and Table 5. Obviously, the R2 values of the Freundlich model (0.90–0.95) were larger than
those of the Langmuir model (0.80–0.86), suggesting that the Freundlich models better de-
scribed the behavior of the adsorption of TC onto the hybrid-doped biochar samples. Herein,
the adsorption process was more suitable for multilayer adsorption on a heterogeneous sur-
face [54]. The 1/n value (heterogeneity factor) was in the range of 0.194–0.346 and was lower
than 0.5, which suggested that the adsorption processes were favorable. The dimensionless
separation factor, RL, ranged from 0.23 to 0.47 (which was lower than 1) and proved that the
adsorption processes were favorable [32]. Moreover, according to the Langmuir model, a
larger doping ratio resulted in a larger qm value. PUF-50% possessed the highest value of qm,
which was 41.7 mg/g, while PBC possessed the lowest value of qm (17.4 mg/g). Compared
with the values in the literature (Table S2), the adsorption efficiency of the NOS-biochar for
TC may be considered to be at an upper-middle level, and it has potential for wastewater
treatment even without further activation.
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Figure 5. Adsorption isotherms of TC for (a) PBC, (b) PU-10%, (c) PUF-10%, (d) PUF-30%, and
(e) PUF-50%.

Table 5. Langmuir and Freundlich isothermal model parameters for the adsorption of biochar
samples onto TC.

Samples
Langmuir Model Freundlich Model

kL (L/mg) Qmax (mg/g) R2 1/n kF (mg1−nLng−1) R2

PBC 0.1609 17.4 0.810 0.235 5.92 0.936
PU-10% 0.1535 19.6 0.849 0.194 7.70 0.906

PUF-10% 0.1439 17.7 0.805 0.236 5.90 0.943
PUF-30% 0.1129 34.9 0.836 0.350 7.49 0.933
PUF-50% 0.3322 41.7 0.855 0.299 12.94 0.948

3.4. Further Discussion on the TC Adsorption Mechanism

Based on the previous discussion, it may be summarized that the TC adsorption mech-
anism involved both physical (i.e., pore-filling) and chemical interactions (i.e., electrostatic
attraction, Lewis acid–base interactions, hydrogen bonding, and π–π interactions [31]), but the
latter prevailed. To further explore the adsorption mechanism, the correlations between the
adsorption capacity and relevant biochar properties, including the surface area, elemental con-
tent, surface elemental content, and contents of the different kinds of N-containing functional
groups, were determined. The results are exhibited in Figures S5–S7, and the corresponding
R2 values are presented in Table S3. The following four aspects may be further discussed.

First, the adsorption capacity was poorly related to the changes in surface area (R2 = 0.478),
indicating that physical effects were unlikely to be the factor that caused the distinctive absorp-
tion differences between the samples. The surface areas of the various samples varied between
431.4 and 542.5 m2/g and did not exhibit dramatic differences. As a result, the chemisorption
mechanism was the dominant mechanism.

Second, the correlations between the contents of O, S, and N and the TC adsorption
were investigated. Positive correlations existed between TC absorption and the contents of
the different elements, with R2 values of 0.741, 0.635, and 0.847 for O, S, and N, respectively.
These results suggest that doping with N and O species has a greater effect on TC absorption,
and they are in agreement with the discussions in Section 3.2.
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Third, to further explore the effects of the hybrid doping on the absorption perfor-
mance, the correlations between the surface contents of O, S, and N and the TC absorption
were also studied. The surface content of S displayed a considerably higher correlation
with TC adsorption (R2 = 0.882) than that between the overall S content and TC adsorption
(R2 = 0.635). Some oxidized S was able to interact with TC molecules via hydrogen bonds,
and their contribution may have overlapped with that of O-containing functional groups.
Another interesting observation is that the R2 of the correlation between the surface content
of N and TC adsorption was only 0.385, which was significantly lower than that for the
total N content. This may have been due to the varying contributions of the different
N-containing functional groups. The R2 values of N-G, N-6, N-5, and N-O were 0.985, 0.262,
0.444, and 0.882, respectively. These values imply the positive effects of N-G and N-O on TC
adsorption and are consistent with the values obtained via the experimental process. This
further indicates that π–π interactions may be a vital adsorption mechanism because N-G
enhances the ability of C layers to accept π electrons (Section 3.2). Our previous work [31]
also suggested that π–π interactions are the main adsorption force and that they result from
both the N-G groups and the aromatic structures of biochar. The strong correlation between
N-O and the adsorption capacity may also be due to hydrogen bonding, which may also
add to the contribution of O-containing functional groups to a certain extent.

4. Conclusions

In this study, biochar was produced via hybrid doping (using different doping ratios)
of N, O, and S through pyrolysis of poplar wood and UF at 900 ◦C. The removal efficien-
cies for TC (40 mg/L) of PUF-10%, PUF-30%, and PUF-50% were found to be 30.99%,
49.36%, and 71.84%, respectively. These efficiencies were higher than that of PBC (29.45%),
which did not undergo heteroatom doping. Further study on PU-10% indicated that the
N- and O-containing functional groups played a more crucial role compared to the S-
containing functional groups. The adsorption kinetics that were investigated by employing
pseudo-first-order and pseudo-second-order models and the adsorption isotherms that
were studied by using the Langmuir and Freundlich isotherm models suggested that the
adsorption processes were favorable and were dominated by chemisorption instead of
physisorption. The functional group analyses and their correlations with the adsorption
performance suggested that the hybrid doping successfully enriched multiple O-N and O-S
functional groups, as well as N-G groups, all of which were responsible for the improved
adsorption performance. In summary, this study presents the utilization of NOS-biochar for
the removal of antibiotics from aqueous solutions. Further investigations are encouraged
to provide insights into increases in the N content, precise regulation of N-containing
functional groups, and the synergistic effects of hybrid doping—especially the synergistic
effect with O-containing functional groups.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/en15218081/s1, Table S1: Elemental analysis of S-containing
urea formaldehyde; Table S2: Summary of maximum adsorption capacities (Qmax) of various adsorbents
in literature for TC; Table S3: Relationship between selected properties of biochar and adsorption capacity;
Figure S1: The C1s spectra of (a) PBC, (b) PU-10%, (c) PUF-10%, (d) PUF-30%, and (e) PUF-50%. PBC
stands for biochar prepared by poplar; PU1 stands for biochar prepared by poplar and urea with the
mass ratio of urea being 10%; PUF-X stands for biochar prepared by poplar and urea formaldehyde with
the mass ratio of urea formaldehyde being 10%, 30% and 50%; Figure S2: The N1s spectra of (a) PU-10%,
(b) PUF-10%, (c) PUF-30%, and (d) PUF-50%; Figure S3: The S2p spectra of (a) PUF-10%, (b) PUF-30%,
and (c) PUF-50%; Figure S4: SEM images of (a) PBC, (b) PU-10%, (c) PUF-10%, (d) PUF-30%, and (e) PUF-
50%; Figure S5: The correlations between surface area of biochar and adsorption capacity; Figure S6:
The correlations between (a) oxygen content, (b) sulfur content, (c) nitrogen content, (d) surface oxygen
content, (e) surface sulfur content, and (f) surface nitrogen content of biochar and adsorption capacity;
Figure S7: The correlations between (a) N-G content, (b) N-6 content, (c) N-5 content, and (d) N-O content
of biochar and adsorption capacity. (References [19,24,32,55–58] are cited in the supplementary materials).
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