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s derived from hydrothermal
impregnation of sucrose with phosphoric acid:
remarkable adsorbents for sulfamethoxazole
removal†

Yawei Shi, a Guozhu Liu,b Liang Wang *a and Hongwei Zhangac

A series of activated carbons with surface areas of 925–1929 m2 g�1 were synthesized by in situ

hydrothermal impregnation of sucrose with H3PO4 and subsequent calcination at 500–900 �C. The
prepared various types of activated carbons were utilized for the removal of sulfamethoxazole (SMX)

from its solution by adsorption, and the effects of contact time, adsorbent dosage, initial concentration,

adsorption temperature and pH on SMX adsorption were studied. The pseudo-second-order and the

intra-particle diffusion model were used to analyze the adsorption kinetic data. The adsorption isotherm

studies showed that the activated carbon prepared at 900 �C (C-900) showed the highest Langmuir

maximum adsorption capacity of 808.7 mg g�1 among them, much higher than that of C-500 (274.0 mg

g�1). Adsorption thermodynamic results showed that the adsorption of SMX was a spontaneous

exothermic process, with a standard enthalpy change of �6.59 kJ mol�1 and a standard entropy change

of 47.7 J mol�1 K�1. It was deduced that hydrophobic, electron donor–acceptor and electrostatic

interactions were involved in the adsorption mechanism. Finally, regeneration experiments showed that

more than 90% of the adsorption capacity could be recovered after four cycles through ethanol

washing. Considering the remarkable and regenerable adsorption ability as well as the economic and

environmental merits, these activated carbons are considered as promising candidates for potential

practical applications in adsorptive removal of SMX.
1. Introduction

Antibiotics can enter the environment through sewage and
improper disposal, threatening aquatic animals and human
health.1 Sulfonamides are a class of synthetic antibiotics widely
used for human and animal treatment due to their low price
and wide spectrum antibiotic properties.2 Sulfonamides are
stable in nature, not easy to be photolyzed or hydrolyzed, and
easy to accumulate in water environments.3 As the most popular
sulfonamide, sulfamethoxazole (SMX) has been detected quite
frequently in both inuent and effluent of worldwide waste
water treatment plants,4 creating an urgent demand for its
removal.
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Among various treatment technologies, adsorption is regar-
ded to be a promising one due to it easy operation and absence
of toxic byproducts in the process.5 Diversities of adsorbents
have been investigated for SMX removal, and carbon materials
with abundant porous structures have particularly gained
attention.6 Some researchers have been focusing on the modi-
cations of activated carbons through heteroatom doping or
metal loading for better removal performances.7 Other
researchers explored the possibilities of emerging carbon
materials in this eld, including ordered microporous carbons,8

graphene-based materials,9 carbon nanotubes,10 and metal–
organic-framework-derived carbons.11,12

Recently, carbon materials synthesized by the hydrothermal
carbonization (HTC) of carbohydrate biomass are attracting
increasing attention.13,14 HTC is known as an economic
approach due to the utilization of cheap biomass precursors
and low preset carbonization temperatures. To develop porosity
in the carbons produced by HTC, a post-treatment activation
procedure with KOH, H3PO4 or ZnCl2 is usually required. For
instance, KOH has been employed for the generation of porosity
in our previous work,15 where the hydrothermal char from
sucrose needs to be separated and dried aer HTC, mixed with
KOH by impregnation, then dried again, calcined, washed and
RSC Adv., 2019, 9, 17841–17851 | 17841
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dried for a third time to get the resulting activated ones. The
whole activation process is effective, but tedious and time-
consuming.

As an alternative, an in situ approach known as hydrothermal
impregnation has been proposed by Wisniewski et al.16 In this
approach, the whole preparation process could be simplied by
mixing the carbohydrate precursor with H3PO4 before the HTC
procedure. In the pioneer work of Wisniewski et al. and
following works,16–18 the calcination step was usually conducted
at 400–800 �C. Recently, Lei et al.19 employed glucose and
phosphorus pentoxide (P2O5) for the fabrication of porous
carbon nanosheets. It was found that when the calcination
temperature reached 900 �C, and additional pores were intro-
duced through redox reactions between carbon and P2O5. The
dehydration of H3PO4 will lead to in situ production of P2O5.20

We infer that increasing the activation temperature to 900 �C
may help to activate the carbons better through the redox
reactions between carbon and P2O5 and thus further extent the
potential of the hydrothermal impregnation approach.

The activated carbons derived from the hydrothermal
impregnation approach have several environmental and
economic merits. These carbons have not been used for SMX
adsorption in previous reports. To investigate whether they can
be used as potential candidates for SMX adsorption, the effect
of calcination temperature on the adsorption performance of
the resulting activated carbon was studied in an extended range
up to 900 �C in this work. The effects of contact time, adsorbent
dosage, initial concentration, adsorption temperature and pH
as well as the regeneration property were also investigated in
detail. The discrepant adsorption performances of the carbons
were related to the diversities in their textural and chemical
properties, and the plausible adsorption mechanism was
proposed as well.
2. Experimental
2.1 Materials

Sucrose (AR) and H3PO4 (85%) were obtained from Tianjin
Fengchuan Chemical Reagents (Tianjin, China) and Tianjin
Boute Chemical Reagents (Tianjin, China), respectively. Sulfa-
methoxazole (SMX, 98%) was purchased Macklin Biochemical
Co., Ltd (Shanghai, China). Milli-Q deionized water was used in
all experiments.
2.2 Preparation

In a typical synthesis, sucrose and H3PO4 were dissolved to
obtain a solution containing 40 mL water. The concentration of
sucrose was 0.8 mol L�1, and the mass ratio of H3PO4 to sucrose
was 1.7 : 1. Here the concentration of sucrose (0.8 mol L�1) was
commonly used in previous reports for hydrothermal carbon-
ization. The ratio of 1.7 : 1 was selected based on the report by
Romero-Anaya et al.21 In that work, it was found that higher
concentrations led to limited improvement in the nal surface
areas. The solution was put into a 100 mL Teon-lined stainless
steel autoclave and then heated at 180 �C in an oven for 8 h. The
resulting mixture was dried at 120 �C for 4 h, calcined at 500–
17842 | RSC Adv., 2019, 9, 17841–17851
900 �C for 2 h under nitrogen atmosphere (30 mL min�1) in
a horizontal quartz furnace tube (SK-G08125K, Tianjin Zhong-
huan Corp., China), washed thoroughly with hot water, dried,
crushed and sieved to select the fraction of 100–200 mesh. The
resulting carbon prepared at the temperature of x �C was
denoted as C-x.

2.3 Characterization

The activated carbons were characterized by scanning electron
microscopy (SEM, S4800, Hitachi, Japan), transmission electron
microscopy (TEM, G2 F20, Tecnai, USA), X-ray diffraction (XRD,
D8 Advance Eco, Bruker, Germany) and Fourier transform infra-
red (FT-IR, iS50, Nicolet, USA). The samples were covered with
gold as a conducting metal for SEM measurements. CHN
elemental analyses were conducted on a cube instrument (Vario
EL, Elementar Analyser systeme GmbH, Germany) to measure
the contents of carbon and hydrogen, and the phosphorus
contents were measured with inductively coupled plasma-
atomic emission spectrometry (ICP-AES, ICP-9000, Thermo
Jarrell-Ash Corp, USA). The oxygen contents were determined by
difference. X-ray photoelectron spectroscopy (XPS) was con-
ducted using a K-alpha spectrometer (Thermosher, USA).
Raman spectra were recorded on an XploRA Plus system
(Horiba, Japan) at an excitation wavelength of 532 nm. Zeta
potential values were determined by Nano-ZS90 (Malvern
Instruments, UK). The nitrogen sorption isotherms of the
samples were recorded on Autosorb-iQ-C (Quantachrome, USA)
aer degassing at 290 �C for 10 h. The specic surface areas
were calculated by the Brunauer–Emmett–Teller (BET) method
using the relative pressure (p/p0) ranges selected based on
criteria established previously.22 For the pore size distributions,
the nonlocal density functional theory (NL-DFT) method was
used with the slit/cylinder model for nitrogen at 77 K on carbon,
and the tting errors were all below 0.5%. The total pore
volumes were obtained from the points at saturated pressures
on the isotherms.

2.4 Adsorption experiments

The SMX solution (100 mg L�1) was prepared by dissolving SMX
in water without co-solvent. The adsorption experiments were
conducted in a shaker bath with a rotation speed of 180 rpm at
30 �C unless otherwise stated. Kinetic studies were performed
by adding 10 mg activated carbon to 50 mL SMX solution with
an initial concentration of 50 mg L�1 at pH 5.0 � 0.1. Aer an
appropriate time, the solution was immediately separated from
the activated carbon with a syringe lter (nylon, 0.22 mm), and
the concentration of SMX was measured with a Cary 60 UV-
visible spectrometer (Agilent) at 267 nm. To investigate the
effect of adsorbent dosages, a series of dosages (0.05–0.3 g L�1)
were utilized at the same initial concentration (50 mg L�1) and
pH (5.0 � 0.1). For isotherm tting, an adsorbent dosage of
0.05 g L�1 and a series of initial SMX concentrations (20–
100 mg L�1) were used at pH (5.0 � 0.1). For thermodynamic
study, additional adsorption experiments were conducted at 20
and 40 �C with the optimal adsorbent (C-900) at pH (5.0 � 0.1).
It should be noted that although the absorption spectrum of
This journal is © The Royal Society of Chemistry 2019
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SMX changes with pH, the change in pH was found to be less
than 0.1 when the initial pH was around 5.0. Thus the wave-
length for UV-vis measurements in the above tests was xed at
267 nm using a standard curve built at pH 5.0. To investigate the
effect of pH value on adsorption, SMX solutions (50 mg L�1)
with different pH values adjusted by HCl or NaOH were treated
with 0.2 g L�1 C-900. The solution aer adsorption was sepa-
rated from the adsorbent and then diluted with a HCl or NaOH
solution to adjust the pH to around 5.0. The concentration aer
dilution was then measured by UV-vis at 267 nm, and the
concentration before dilution was calculated based on the
dilution ratio. The recyclability of C-900 for SMX adsorption was
investigated. Aer the rst adsorption run, the spent adsorbent
was separated and then stirred with ethanol for 2 h. Aer that,
the adsorbent was separated again for the next adsorption run.
The amount of ethanol used was 50 mL per 10 mg fresh
adsorbent. When 10 mg activated carbon was used, the recovery
rate was only around 60%. This was attributed to the mechan-
ical loss during the regeneration process, such as the attach-
ment of carbon to the stirrer and the ltration membrane.
When a larger amount of carbon (60 mg) was regenerated, the
recovery rate was increased to 94%. Thus, spent adsorbents
from parallel adsorption experiments were mixed together, but
the dosage for adsorption was xed at 0.2 g L�1.
2.5 LCA assessment

The life cycle assessment (LCA) analysis23,24 is a useful tool for the
evaluation of environmental impacts of the activated carbon. The
cradle-to-grave scheme of the carbon has been provided in Fig. S1
in ESI.† The scheme describes the input and output during the
carbon preparation procedure, which helps to determine the
system boundaries for the LCA analysis. Further research is
needed to conduct a full LCA analysis of the carbon.
3. Result and discussion
3.1 Characterizations of the activated carbons

As shown in Fig. 1a–e, the activated carbons were generally
spherical in shape, in accordance with previous reports.16 TEM
analysis of C-900 was further conducted. As illustrated in
Fig. S2a and b,† the carbon was spherically shaped and several
micrometers in diameter, in consistent with SEM results. The
pores in bulk were difficult to be viewed in TEM large due to the
large thickness of the carbon spheres, but irregular pores could
be observed in the small fragments (Fig. S2c†) and at the
borders of the sphere (Fig. S2d†), verifying its porous structure.
XRD patterns (Fig. 1f) of the activated carbons revealed their
amorphous nature, showing two broad bands at around 24� and
43� corresponding to (002) and (10) diffraction peaks.25 With an
increase in the activation temperature, the peaks shied slightly
to a smaller angle, indicating an increased layer-to-layer
distance. This may be attributed to the increased defects
created during the activation process.26

The nitrogen sorption isotherms (Fig. 2a) are mixtures of
type I and type IV with hysteresis loops, indicating the hierar-
chical porous structures in the carbons. Both the specic
This journal is © The Royal Society of Chemistry 2019
surface areas and the pore volumes tended to be promoted with
the rise in the activation temperature (Table 1), and the pore
size distributions tended to shi to larger pore sizes (Fig. 2b).

During the activation process, the decomposition of H3PO4

resulted in the formation of P2O5 and water.20 The sublimation
of P2O5 was responsible for the generation of pores. Water
molecules also supported the development of porosity through
carbon gasication (eqn (1)). With an increase in the calcination
temperature, these endothermic reactions became stronger,
leading to more porosity in the resulting carbon. This is also
reected in the declining carbon yields at higher temperatures
(Table 1). When the temperature of 900 �C was utilized, the
surface area was boosted dramatically to 1929 m2 g�1. At this
temperature, P2O5 created by the decomposition of H3PO4 can
act as an oxidation agent through eqn (2), which is a highly
endothermic reaction and occurs at around 900 �C.19 Through
this reaction, the etching of the carbon framework led to the
creation of more pores, and the yield decreased further. We
tried to promote the activation process by employing a higher
temperature of 1000 �C. However, very little solid product with
a yield below 1% was obtained, suggesting the almost complete
consumption of carbon by eqn (2).

C + H2O ¼ CO + H2 (1)

P2O5 + 5C ¼ 2P + 5CO (2)

The elemental compositions of the activated carbons were
displayed in Fig. 2c. Generally, the heteroatom contents
decreased with increasing temperatures, which was ascribed to
the more severe decomposition of heteroatom functionalities at
higher temperatures.27 FT-IR measurements were further con-
ducted to investigate the types of surface functionalities. As
shown in Fig. 2d, a broad band centered at around 3400 cm�1

was assigned to O–H vibration in water. Two small bands at
2925 and 2850 cm�1 were attributed to C–H stretching vibra-
tions, and the absorption at 1580 cm�1 was assigned to C]C
vibration. Moreover, the bands at around 1633, 1405 and 1000–
1200 cm�1 were attributed to C]O, C–P and C–O vibrations
respectively,28 revealing the presence of oxygen and phosphorus
functionalities on the activated carbons, consistent with the
elemental analysis results.
3.2 Effect of contact time

The effect of contact time on SMX adsorption was investigated
in the time range of 15 min–48 h. The results were illustrated in
Fig. 3a, and the experimental data were tted to the pseudo-
rst-order (eqn (3)) and the pseudo-second-order (eqn (4))
kinetic models.

qt ¼ qe(1 � exp(�k1t)) (3)

qt ¼ qe
2k2t/(1 + qek2t) (4)

In the equations, qe (mg g�1) is the amount of SMX adsorbed
at equilibrium; qt (mg g�1) is the amount of SMX adsorbed at
RSC Adv., 2019, 9, 17841–17851 | 17843
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Fig. 1 SEM images (a–e) and XRD patterns (f) of the activated carbons.
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the contact time of t (min); k1 (min�1) and k2 (g (mg�1 min�1))
are the rate constants for the pseudo-st-order and pseudo-
second-order models, respectively. The tting parameters
derived by non-linear tting and the initial adsorption rates (h)
calculated by eqn (5)29 were listed in Table S1.†

h ¼ k2qe
2 (5)

As compared in Table S1,† the higher regression coefficient
(R2) values suggested that the adsorption process matched
better to the pseudo-second-order model. Besides, the
17844 | RSC Adv., 2019, 9, 17841–17851
calculated equilibrium adsorption amounts from the pseudo-
second-order model were also closer to the expected values.
Some researchers reported that the better tting in the pseudo-
second-order model indicated that the adsorption rate is mainly
controlled by chemical sorption, while some others demon-
strated that the adsorption mechanisms cannot be directly
assigned based on tting kinetic models.29 Despite of this
controversy, a higher h value in mg g�1 min�1 should indicate
a faster adsorption of SMX on the adsorbent. In this work, h
values increased with increasing calcination temperatures
(Table S1†), in accordance with the order in mesopore volumes
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Nitrogen sorption isotherms (a), pore size distributions (b), elemental contents (c) and FT-IR spectra (d) of the activated carbons.
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(V>2 nm) shown in Table 1. It is inferred that the presence of
more mesopores in the carbon adsorbents could favor the
diffusion of SMX, leading to faster adsorption rates. The kinetic
date were also tted in the intra-particle diffusion model.30 The
multi-linear curves (Fig. 3b) indicated that the whole adsorption
process is controlled by a multistep mechanism including lm
diffusion as well as diffusion in the hierarchical porous struc-
ture, and the fall in rate constants with time (k1 > k2 > k3, Table
S2†) is attributed to the gradual saturation of the adsorbent
surface.30
3.3 Effect of adsorbent dosage and initial concentration

The adsorption behaviors of SMX on the carbons were further
evaluated under different adsorbent dosages. As illustrated in
Table 1 Textural properties and yields of the carbon adsorbents

Sample SBET
a Vtotal

b Vb>2 nm

Yield
(%)

C-500 927 1.010 0.705 30.3
C-600 925 1.042 0.747 27.5
C-700 1301 1.219 0.788 22.4
C-800 1368 1.286 0.870 13.4
C-900 1929 1.521 1.102 8.8

a m2 g�1. b cm3 g�1.

This journal is © The Royal Society of Chemistry 2019
Fig. 4a, a larger adsorbent dosage resulted in a lower adsorption
amount for all the carbons, which could be attributed to the
availability of more adsorption sites at higher dosages.15 The
effect of initial concentration was also investigated. As expected,
an increase in the adsorption amount could be observed with
a higher initial concentration, and saturation has been reached
for the carbons except for C-900 in the investigated concentra-
tion range (Fig. 4b). The experimental data were tted to the
Langmuir (eqn (6)) and Freundlich (eqn (7)) models31 by non-
linear tting.

qe ¼ qmaxKLCe/(1 + CeKL) (6)

qe ¼ KFCe
1/n (7)

In the equations, KL (L mg�1) and qmax (mg g�1) represent the
Langmuir constant and the maximum adsorption capacity
respectively, while KF ((mg g�1)(L mg�1)1/n) and n are Freundlich
constants. The tting parameters were shown in Table 2. The
high regression coefficients indicated that both models could
describe the adsorption behavior of SMX on the carbons. The
calculated maximum adsorption capacities for C-500 and C-600
were close to each other due to the overlap of condence
intervals. The values of KF representing adsorption capacities
were also similar for C-500 and C-600, proving the credence of
RSC Adv., 2019, 9, 17841–17851 | 17845
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Fig. 3 Kinetic studies for SMX adsorption on the activated carbons: fitting in pseudo-first-order and pseudo-second-order models (a); fitting in
the intra-particle diffusion model (b).

Fig. 4 Effect of adsorbent dosage (a) and initial concentration (b).
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the results. For other samples, it could be found that higher
calcination temperatures helped to promote the adsorption of
SMX. The different adsorption capacities on the carbons were
mainly attributed to their diversities in textural properties (see
Section 3.6).
3.4 Effect of adsorption temperature

Taking the optimum carbon (C-900) as an example, the effect of
adsorption temperature was studied furthermore. The
maximum adsorption capacities of SMX were calculated to be
Table 2 Isotherm models for SMX adsorption on the adsorbents

Sample

Langmuir model

qmax (mg g�1) KL (L mg�1) R2

C-500 274.0 0.0632 0.972
C-600 308.0 0.0540 0.991
C-700 423.3 0.1442 0.980
C-800 504.5 0.2151 0.989
C-900 808.7 0.1510 0.980

17846 | RSC Adv., 2019, 9, 17841–17851
1142.7, 808.7 and 633.8 mg g�1 at 293, 303 and 313 K, respec-
tively (Fig. S3 and Table S3†). The Gibbs free energy change
(DG�) was calculated by eqn (8).

DG� ¼ �RT ln Kc (8)

Here the equilibrium constant (Kc, dimensionless) was obtained
from the distribution coefficient (Kd, L g�1), and Kd was derived
by plotting ln(qe/Ce) against Ce and extrapolating to zero Ce.29

The standard enthalpy and entropy change (DH� and DS�) were
obtained by tting in the van't Hoff equation (eqn (9)).
Freundlich model

KF ((mg g�1)(L mg�1)1/n) n R2

63.4 3.383 0.968
54.0 2.816 0.995

153.4 4.503 0.989
209.5 4.991 0.984
235.3 3.470 0.992

This journal is © The Royal Society of Chemistry 2019
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Table 3 Adsorption thermodynamics for SMX adsorption on C-900

Temperature
(K) Kc

DG�

(kJ mol�1)
DH�

(kJ mol�1)
DS�

(J mol�1 K�1)

293 4637 �20.57 �6.59 47.70
303 4235 �21.04
313 3902 �21.52
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ln(Kc) ¼ �DH�/RT + DS�/R (9)

As shown in Table 3, the negative DG� values indicated that
the adsorption of SMX on the carbon was a spontaneous process.
The negative DH� value indicated the exothermic nature of SMX
adsorption, which is in accordance with the decreasing qmax with
increasing adsorption temperatures. It has been reported that32

the energies associated with hydrophobic interaction and EDA
interaction were in the range of 0.4–4 and 4–167 kJ mol�1. The
relatively low enthalpy change indicated that adsorption of SMX
on the carbon in this work was not rm. The transport of SMX
from the aqueous phase to the solid adsorbent resulted in loss of
freedom and thus decreased entropy, while the desorption of
more than one water molecules which occurred simultaneously33

and the changes of the adsorbent surface34 led to increased
entropy. The positive DS� indicated the net increase of disorder
during the whole adsorption process.
3.5 Effect of pH value

The adsorption behavior of SMX on C-900 was investigated
under different pH values. As displayed in Fig. 5a, the adsorp-
tion amount of SMX was clearly pH-dependent.

SMX is an amphoteric molecule with two pKa values of 1.6
(base) and 5.7 (acid).11 Thus, the dominate species at interme-
diate pH values are neutral molecules.32 The fraction of neutral
molecules does not remain the same in the whole intermediate
pH range (1.6–5.7). According to previous calculations,35 the
fraction of neutral species (SMX0) reaches almost 100% at
around pH 3.7. From pH 3.7 to pH 1.7, the fraction of SMX0

decreases gradually to 50% while the fraction of positive species
(SMX+) increases to 50%. Similarly, from pH 3.7 to pH 5.7, SMX0

fraction drops while the fraction of negative species (SMX�)
Fig. 5 Effect of pH on SMX adsorption amount (a) and zeta-potential o

This journal is © The Royal Society of Chemistry 2019
rises to 50%. SMX+ and SMX� are the dominant species at pH <
1.6 and pH > 5.7, respectively. According to zeta-potential
measurements (Fig. 5b), the isoelectric point (IEP) of C-900
was determined to be 5.4. Thus, the whole pH range could be
divided into three zones: pH < 3.7, 3.7 < pH < 5.4, and pH > 5.4.
At pH < 3.7, both SMX0 and SMX+ were presented, and the
surface of C-900 was positively charged. Therefore, electrostatic
repulsion occurred between SMX+ and C-900. At 3.7 < pH < 5.4,
electrostatic attraction existed between SMX� and the positively
charged surface of C-900. Finally, electrostatic repulsion
occurred again between SMX� and the negatively charged C-900
surface at pH > 5.4.

The change in electrostatic interactions with altering pH
values could help to explain the trend in SMX adsorption
amounts to some extent. However, as discussed above, if only
electrostatic repulsion occurred at pH < 3.7 and pH > 5.4, the
adsorption of SMX should be very low, which was against the
result in Fig. 5a. Consequently, it was inferred that other
adsorption mechanisms were also involved in the adsorption
process.

3.6 Adsorption mechanism

Generally, textural properties of the adsorbents have an
important impact on the adsorption process. As illustrated in
Fig. S4a,† a good positive linear trend (R2 ¼ 0.951) was observed
between qmax and SBET. Based on previous works32,34,36 and this
result, it was deduced that hydrophobic and electron donor–
acceptor (EDA) interactions were involved for SMX adsorption.
A larger surface area provided more space for the interaction
between SMX and the carbon surface, leading to a greater
adsorption amount. The intensity of these interactions also
changes with pH. Firstly, the greatest intensity of hydrophobic
adsorption is expected when SMX0 is dominant because the
neutral species exhibits the lowest solubility.9 Secondly, from
the viewpoint of EDA interaction, SMX has a strong p-electron
acceptor character whereas the carbon acts as a p-electron
donor. When SMX0 is transformed into SMX+, the p-electron
withdrawing ability is enhanced due to the protonation of the
amino group. Conversely, the ability is weakened with the
deprotonation of the sulfonamide group when SMX0 is
f C-900 (b).

RSC Adv., 2019, 9, 17841–17851 | 17847
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Table 4 Plausible adsorption mechanisms at different pH ranges a

Hydrophobic
interaction

EDA
interaction

Electrostatic
interaction

pH < 3.7 ++b +++ Repulsion
3.7 < pH < 5.4 +++ ++ Attraction
pH > 5.4 +b + Repulsion

a The relative intensity is indicated by the number of plus signs. b The
solubility of SMX� is much larger than SMX+.
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transformed into SMX�. Thus, the intensity of EDA interaction
decreased with increasing pH values. Based on the above
discussion, the plausible adsorption mechanisms involved in
SMX adsorption at different pH ranges were summarized in
Table 4. Now the trend in Fig. 5a can be clearly understood.

It should be noted that other mechanisms11,35 relating to the
heteroatom functionalities on the carbon were considered as
important driving forces for SMX adsorption in some previous
reports. The activated carbons in this work also possessed
heteroatom functionalities as discussed above, and their effects
were evaluated by normalizing qmax for SBET. By plotting qmax/
SBET against the heteroatom contents, a negative linear trend
could be observed (Fig. S4b†), but the condence intervals of
some points overlapped and the correlation was weak with a low
correlation coefficient. Firstly, the hydrophilic functionalities
could weaken the hydrophobicity of the carbon surface and
cause the formation of water clusters,37 which was detrimental
for the hydrophobic adsorption of SMX. Secondly, the func-
tionalities could also inuence the strength of EDA interaction.
Recent theoretical calculations38 revealed that different types of
oxygen-containing functionalities could change the p electron
density of the carbon surface and thus affect the EDA interac-
tion in different degrees. When it comes to phosphorus, the
dopants in the carbon matrix acting as electron donors could
increase the electron density of carbon39 and probably promote
the EDA interaction as a result. Finally, hydrogen bonding11,35

and surface reactive adsorption induced by the oxygen-
containing groups36 may also make a contribution to the
adsorption of SMX. In summary, the overall impact of hetero-
atoms on adsorption is convoluted and found to be slightly
negative in this report due to the diversities in types of func-
tionalities and their multiple impacts on the adsorption
process.

To provide some experimental evidence for the above
mechanism analysis, XPS and Raman measurements of a fresh
C-900 sample and three spent samples aer adsorption of SMX
at pH 2, 5 or 9 respectively were conducted. The three pH values
were selected because they were in the three pH zones in Table 4
respectively. The elemental compositions of the samples
determined by XPS were summarized in Table S4.† The
molecular formula of SMX is C10H11N3O3S. Since the fresh
carbon contained neither nitrogen (N) nor sulfur (S), the two
elements detected by XPS could be safely attributed to SMX. The
ratios of N to S were close to 3, in accordance with the formula
of SMX. Besides, the order in N and S contents was also in
consistent with the order in SMX adsorption amounts (Fig. 5a).
17848 | RSC Adv., 2019, 9, 17841–17851
An increase in the ratio of oxygen (O) to carbon (C) was observed
aer adsorption. This could also be attributed to the adsorption
of SMX because the O/C ratio in SMX (0.3) was much higher
than that in the fresh C-900 (0.028).

Deconvolution of the XPS spectra further revealed the types
of heteroatoms (Fig. S5†). The peak positions in the N1s
(Fig. S5a†) and S2p (Fig. S5b†) spectra were in line with those in
previous reports,40 verifying the uptake of SMX by the carbon.
The oxygen-containing groups were presented by two peaks
around 532 and 534 eV (Fig. S5c†), assigning to quinone type
and/or P]O groups (O-1) and phenol/ether type and/or C–O–P
groups (O-2) respectively41 Deconvolution of the P 2p spectra
(Fig. S5d†) demonstrated two main signals around 132 and
134 eV, representing phosphorus in the carbon matrix (P–C)
and C–O–P functionalities (P–O).28,39 The relative amount of O-1
and O-2 groups changed aer adsorption. On one hand, extra
oxygen introduced through the adsorption of SMX triggered
some change. On the other hand, the contribution of oxygen-
containing groups in the carbon in the adsorption process
may also make a difference.42 Similarly, the decrease in the
relative amount of P–O group aer adsorption may also be
attributed the contribution of oxygen-containing groups during
SMX adsorption.

Raman spectra of the samples were shown in Fig. S6.† The
patterns possessed D and G bands, respectively arising from the
disordered carbon structures and the in-plane vibrationmode.43

The positions of D and G bands were summarized in Table S5.†
The bands shied slightly to a higher frequency aer adsorp-
tion for the spent samples at pH 2 and 5. For the spent sample at
pH 9, no obvious shi was observed. According to previous
reports,44 an electron-donor causes a shi to lower frequency
while an electron-acceptor induces an increase in frequency.
Thus, the results here indicated that SMX mainly acted as an
electron-acceptor and that the EDA interaction was relatively
stronger at pH 2 and 5 compared to that at pH 9, which sup-
ported the order of EDA interaction in Table 4.
3.7 Regeneration

It well known that the adsorption equilibrium is dynamic. Once
the condition changes, a new equilibrium will tend to be
established. For instance, the pseudo-equilibrium concentra-
tion of SMX in the bulk aqueous solution was found to be
2.1 mg L�1 when C-900 was employed to treat a 50 mg L�1

solution with an adsorbent dosage of 0.2 g L�1 at 30 �C. If the
solution at equilibrium was replaced with the same amount of
solution with a lower SMX concentration, desorption of SMX
will certainly occur until a new equilibrium was established.
According to the Le Chatelier's principle, the new equilibrium
SMX concentration in the solution will be larger than zero but
lower than 2.1 mg L�1. We conducted an additional experiment
to address this issue by separating the spent carbon and add the
same amount of deionized water. Aer shaking in a shaker bath
for 48 h, the bulk SMX concentration was measured to be
1.5 mg L�1, in consistent with the above discussion. From
a practical viewpoint, the concentration of SMX in water should
be very low aer adsorption treatment to minimalize its
This journal is © The Royal Society of Chemistry 2019
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detrimental effect to human health. Thus, water is not a suit-
able solvent for SMX desorption. Due to the much larger solu-
bility of SMX in alcohol than in water, desorption of SMX is
favored when alcohol was employed for regeneration. Similar
results have been reported in previous works where it was found
methanol or ethanol was efficient to desorb SMX while water
was not.11,42,45 Thus, ethanol was used for the regeneration of C-
900 for potential applications. A slight decrease in the adsorp-
tion amount of SMX on the regenerated adsorbent was
observed. Aer four adsorption cycles, C-900 could still afford
>90% of the initial adsorption amount (Fig. S7†), indicating its
acceptable recyclability.

The maximum adsorption capacities of SMX over various
carbon adsorbents were summarized in Table S6.† C-900 in this
work possessed a comparable or higher SMX adsorption
capacity than most of these adsorbents in previous reports
under similar experimental conditions. C-900 also had several
economic and environmental benets. From the cradle-to-grave
scheme of the carbon (Fig. S1†), it can be found that low-cost
natural precursor (sucrose) was used, and the preparation
procedure was simplied through the in situ hydrothermal
impregnation approach. The carbons in this work were only
prepared in a laboratory scale and analytical grade reagents
were utilized in the fabrications procedure. Based on the prices
of sucrose (12 RMB/500 g) and H3PO4 (30 RMB/500 g) as well as
the carbon yield (8.8%), the material cost of C-900 was esti-
mated to be 1.6 RMB/g. Besides, waste gas and water will be
produced in the whole life cycle of the carbon (Fig. S1†). Adding
the energy, labor and waste treatment cost will lead to a higher
price, which seems not competitive compared to commercial
activated carbons. However, much cheaper industrial grade
reagents can be utilized for large scale production. Combined
with its remarkable and regenerable adsorption ability, it
should be considered as a promising candidate for efficient
adsorptive removal of sulfamethoxazole.

4. Conclusions

A series of activated carbons denoted as C-500-C-900 were
synthesized by hydrothermal impregnation of sucrose with
H3PO4 and subsequent activation at 500–900 �C. Through the in
situ hydrothermal impregnation approach, the whole prepara-
tion process was simplied. The surface area of the resulting
carbon tended to be promoted with an increase in the activation
temperature, and the surface area of C-900 was boosted to 1929
m2 g�1, much higher than that of C-500 (927 m2 g�1). The
carbons were employed for the adsorption removal of sulfa-
methoxazole in a batch mode, and the effects of contact time,
adsorbent dosage, initial concentration, adsorption tempera-
ture and pH on SMX adsorption were studied. A good positive
linear trend with a regression coefficient of 0.951 was observed
between the Langmuir maximum adsorption capacities of SMX
(qmax) and the carbon surface areas (SBET), and C-900 performed
best among the carbons with the highest qmax of 808.7 mg g�1,
much higher than that of C-500 (274.0 mg g�1). The pseudo-
second-order and the intra-particle diffusion model were used
to analyze the adsorption kinetic data, and the results indicated
This journal is © The Royal Society of Chemistry 2019
that the presence of more mesopores in the carbon could favor
the diffusion of SMX, leading to a faster adsorption rate.
Adsorption thermodynamic results showed that the adsorption
of SMX was a spontaneous exothermic process, with a standard
enthalpy change of �6.59 kJ mol�1 and a standard entropy
change of 47.7 J mol�1 K�1. Furthermore, the plausible
adsorption mechanism was proposed to be a combination of
hydrophobic, electron donor–acceptor and electrostatic inter-
actions with the assistance of XPS and Raman analysis.
Regeneration tests showed that C-900 could still afford >90% of
the initial adsorption amount aer four adsorption cycles
through ethanol washing, indicating its acceptable recyclability.
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