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ABSTRACT

Adsorption by carbon nanotubes (CNTs) was used to remove sulfonamides (SAs) from aqueous
solution. The target SAs were sulfamethoxazole (SMX) and sulfamethazine (SMZ). The effects of
contact time, solution pH, CNTs dosage, initial SA concentration and temperature on the adsorp-
tion of SAs were determined. The pseudo-first-order, pseudo-second-order and intraparticle
diffusion models were used to simulate the kinetics, and Langmuir and Freundlich’s isotherms were
employed to simulate the equilibrium. The adsorption of SAs onto CNTs best-fitted pseudo-second-
order and Langmuir models. The adsorption amount of SAs increased with pH, CNTs dosage
and temperature decreasing; conversely, it increased with initial SAs concentration increasing.
The maximum adsorbed amounts of SMX and SMZ at pH 3 were 207.0 and 181.5 mg/g, respec-
tively. The novel contributions of this study to the field are the evaluation of the hydrophobic and
electrostatic interactions that are involved in the adsorption of SAs and the determination that
the octanol-water partitioning coefficient (K ) of SAs is important in adsorption; moreover, pH is
also found to be important in hydrophobic and electrostatic interactions. The standard enthalpy
change and standard entropy change of SMX were —19.7 kJ/mol and 23.7 J/mol K, respectively;
and those of SMZ were -5.0 k]/mol and 72.9 J/mol K, respectively. The adsorption of SMX and

SMZ onto CNTs was a spontaneous physisorption process.
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1. Introduction

Sulfonamides (SAs) are a class of synthetic antibiotics
that are extensively used in stockbreeding and for human
treatment, mainly owing to their low-cost and broad-
spectrum antibiotic properties. Zhu et al. [1] observed
that SAs in water samples that were collected from feedlot
wastewater pools and irrigation ditches in Shanghai City
had total concentrations of 198-323 pg/L. SAs in environ-
mental water cause serious harm to not only the natural
environment but also human health. Owing to the exten-
sive use of sulfamethoxazole (SMX) and sulfamethazine
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(SMZ), these compounds have been frequently observed in
aquatic environments [2—4]. Schwab et al. [2] found that the
concentration of SMX in drinking water can reach 8.5 pg/L.
SMX has been found at higher concentrations than other SAs
and consequently categorized as a persistent antibiotic [5].
The influent concentrations of SMZ in a wastewater treat-
ment plant (WTP) in Canada were found to be 45 ng/L
[4], and those of SMZ in a WTP in Korea were 164 ng/L;
the corresponding effluent concentration was 144 ng/L
[3]. SMZ has attracted widespread interest because it has
been detected in large areas of farm soil at concentrations
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over 10 mg/kg [6]. Hence, SMX and SMZ were selected as
the target SAs in this study.

A range of advanced wastewater treatment methods
such as oxidation, catalytic degradation, adsorption, mem-
brane filtration, ion exchange, solvent extraction, steam
stripping, and microbial degradation have been developed
for removing SAs from the environment. However, most of
these consume considerable electricity and resources and
may yield more toxic by-products [7,8], which need further
treatment. Adsorption is an effective treatment technique
for removing organic pollutants, such as pharmaceuticals
and pesticides, from wastewater [9-11]. Limitations on
the adsorption of various adsorbents must be specifically
determined for each compound of interest.

Adsorption is a potential method for removing SAs; it
is simple, stable, and highly efficient, and forms no or a
small amount of toxic by-products. Carbon-based materials
are widely used as highly effective adsorbents in removing
contaminants from the aqueous solution because of their
large specific surface area, high porosity, and high reac-
tion activity [12]. The adsorptive removal of SAs with var-
ious carbon materials has been considered to be efficient
[9-11,13,14]. Carbon nanotubes (CNTs) have favorable
physicochemical and electrical characteristics, including
a large surface area, small pores, high porosity, thermal
and chemical stability, and useful functionality [15,16];
they also have many potential remediation applications,
including the remediation of pharmaceutical chemicals
such as SAs. The surface chemical functionalization of
CNTs can improve their adsorption capacity by providing
adsorption sites and functional groups. High-surface-area
CNTs whose surfaces do not need to be modified and that
adsorb large amounts of SMX and SMZ, are used herein.
The adsorption of SMX and SMZ by CNTs was investi-
gated using batch experiments. The objectives of this study

Table 1
The physiochemical characteristics of SMX and SMZ
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are (i) to evaluate the effects of contact time, solution pH,
CNTs dosage, initial SA concentration and temperature on
SAs adsorption; (ii) to investigate the adsorption of SMX
and SMZ on CNTs with respect to adsorption kinetics
and isotherms and (iii) to determine the thermodynamic
parameters of adsorption.

2. Materials and methods
2.1. Materials

SMX and SMZ were purchased from Alfa Aesar (USA).
Table 1 provides their physiochemical properties. Both
SMX and SMZ have the same pharmacophore group.
Sodium persulfate (Na,S,0O,) and phosphoric acid (H,PO,)
were purchased from Sigma-Aldrich (USA). Multi-walled
carbon nanotubes (MWCNTs) (purity > 98.5%) were pur-
chased from Conjutek Materials Tech Co., Ltd., (Taiwan).
MWCNTs were used as CNTs because they have wider
range of applications than single-walled carbon nanotubes.
The pH of the solution was controlled by adding HNO,
and NaOH, both of which were purchased from Merck
(USA). All reagents were of analytical grade and used with-
out further purification. Deionized water (DI) was used
throughout this study.

2.2. Characterization of CNTs

The morphologies of the CNTs were obtained by scan-
ning electron microscopy (SEM, JEOL 6330 TF, Japan) and
transmission electron microscopy (TEM, JEOL 3010, Japan).
The specific surface areas of the CNTs were calculated by
the Brunauer-Emmett-Teller (BET) method, using nitro-
gen adsorption isotherms that were acquired at 77 K using
an ASAP 2020 from Micromeritics Instrument Corporation
(USA). The zeta potentials of CNTs that were suspended in

Compound name SMX

SMZ

CAS no. 723-46-6
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DI water at various pH values were measured using a zeta
potential analyzer (BIC 90 plus, USA), ten measurements
were made at each pH and the average was obtained as the
corresponding zeta potential.

2.3. Adsorption experiments

Kinetic studies were performed to determine the time
required for the adsorption of SMX and SMZ onto CNTs
to reach equilibrium. Equilibrium studies were conducted
to determine the CNTs behavior, the amounts adsorbed at
equilibrium, and the corresponding equilibrium constants.
All experiments were conducted in an incubator shaker
at 100 rpm. Kinetic adsorption experiments were per-
formed with a CNTs dosage of 0.2 g/L and an initial SMX
or SMZ concentration of 20 mg/L for 0-60 min at 308 K,
and the total volume of the adsorption reaction system was
500 mL. A solution pH of 3 was maintained in all exper-
iments, except in those for evaluating the effects of pH
because this pH value yielded the most efficient sorption
of SMX and SMZ. The various pH values of the suspen-
sion were achieved by adding 0.1 M HNO, or 0.1 M NaOH.
In the experiments on the effect of pH ([SAs] = 20 mg/L
and CNTs = 0.2 g/L), the pH of the solution was adjusted
between 3 and 9. To investigate the effects of CNTs dosages,
a series of dosages (0.1-0.3 g/L) were used with the same
initial SAs concentration (20 mg/L); a series of SA concen-
trations (10-30 mg/L) were utilized at the same initial CNTs
dose (0.2 g/L) to evaluate the effects of SA concentration.

To study the effects of temperature on the adsorption
of SAs and to calculate the corresponding thermody-
namic parameters, a batch experiment was conducted at
the three temperatures of 308, 318 and 328 K for 24 h to
ensure complete equilibrium. All samples were filtered
through 0.45 um polyvinylidene fluoride membrane fil-
ters (Whatman). The supernatant was removed and the
residual CNTs were re-suspended by adding 1 L of pH
11 NaOH solution to initiate the desorption experiment.
Each desorption experiment was performed at 308 K for
5 d to measure the concentrations of released SMX and
SMZ, and the SMX and SMZ desorption ratio was calcu-
lated using a mass balance. The oxidant Na,S,0, and the
acidifier H,PO, were placed in an O.I. 1010 total organic
carbon (TOC, Aurora 1030W/1088 Model, USA) ana-
lyzer. The decrease in TOC therein yielded the degree of
adsorption of SAs. All experiments were performed in
duplicate, and mean values were reported.

3. Results and discussion
3.1. Surface characteristics of CNTs

Figs. 1a and b display the SEM and TEM images of
CNTs. They reveal that the CNTs were cylindrical and
that the external and internal diameters were 14 and 4 nm,
respectively. Additionally, the distance between the walls of
the CNTs was approximately 0.3 nm and the TEM analysis
verified that the CNTs had hollow structures. The intersti-
tial channels, external grooves, and partial coating of the
external surfaces of CNTs by a nanometer-thick layer of car-
bon all contributed to overall adsorption. The surface area
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Fig. 1. Micrographs of CNTs (a) scanning electron microscopy
and (b) transmission electron microscopy.

of the CNTs was determined to be 651 m?/g; the total pore
volume was 1.54 cm®/g, and the zero point of charge of the
CNTs was determined to be pH 4.8.

3.2. Kinetic studies

Kinetic models can reveal the migration behavior of
SAs from the bulk solution to CNTs and describe the con-
trol mechanisms in the adsorption process. The kinetic
equations, including pseudo-first-order, pseudo-sec-
ond-order and intraparticle diffusion equations, were
used in the simulation of the kinetics of adsorption. The
pseudo-first-order model of Lagergren [19] assumes that
the rate of adsorption of adsorbate is directly propor-
tional to the difference in the saturation concentration
[Eq. (1)]. The pseudo-second-order model of Ho and



C.-H. Wu, S.-C. Tsai / Desalination and Water Treatment 249 (2022) 74-86 77

McKay [20] assumes that the rate of adsorption depends
on the amount of solute that is adsorbed at the adsorbent
surface at time t and equilibrium [Eq. (2)]. The intrapar-
ticle diffusion model [21] assumes that the intraparti-
cle diffusion is the rate-determining step of the adsorp-
tion process [Eq. (3)]. The term g, (mg/g) represents the
adsorption amount at time t; g, (mg/g) is the adsorption
amount at equilibrium, and k, (min™) and k, (g/mg min)
are the pseudo-first-order and pseudo-second-order
adsorption rate constants, respectively. k, (mg/g min'?) is
the diffusion rate constant of intraparticle diffusion and
C is the thickness of the boundary layer. Tables 2 and 3
present the simulated coefficients in the pseudo-second-
order and intraparticle diffusion models, respectively.

ln(qp —qt)=1nq£ —kt (€))
t 1 t

= @
9, kg q,

q, =kt +C 3)

3.3. Effects of contact time and solution pH

Figs. 2a and b show the effects of pH on SMX and SMZ
adsorption, respectively. After 10 min of adsorption, the
SMX removal at pH 3, 5, 7 and 9 was 70%, 57%, 22% and

11% (Fig. 2a), respectively, and the SMZ removal was 70%,
69%, 56% and 26%, respectively (Fig. 2b). The removal
rate was highest in the first 10 min. After this time, the
adsorption gradually reached equilibrium and no effect of
contact time on the amounts of SMX and SMZ adsorbed
was detectable. The whole adsorption process could be
divided into two stages — fast and slow. The fast adsorp-
tion stage was the first 10 min and was attributed mainly
to the higher BET, abundant pore structure, the functional
groups, and weak internal diffusion resistance [22]. The
removal of SMX and SMZ then gradually approached
equilibrium owing to the adsorption saturation effect. This
initial fast step is attributable to the physical sorption of
SAs onto CNTs by electrostatic forces upon initial contact.
In contrast, the subsequent slow step may be related to
chemical interactions between SAs and CNTs over long-
term adsorption [23].

The fitting degree (R? of the pseudo-second-order
model exceeded that of the pseudo-first-order model. The
adsorption amount that was calculated using the pseu-
do-second-order model (q,.) was consistent with that
obtained experimentally (g, ) (Table 2). Since the pseu-
do-first-order model did not correlate closely with the
experimental data points, the kinetic parameters that were
determined from this model are not provided. The pseu-
do-second-order model includes three stages of adsorption
- liquid film diffusion, intraparticle diffusion and surface
adsorption — and it better fits the experimental adsorption
process [24]. The result herein was consistent with that in
previous investigations of the removal of organic matter by
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Fig. 2. Effects of pH on SAs adsorption (a) SMX and (b) SMZ ([SAs] = 20 mg/L; [CNTs] = 0.2 g/L; T = 308 K).
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Table 2
Kinetic parameters of pseudo-second-order model

Pseudo-second-order model

Tpep (MB/8)  k, (g/mgmin) ¢,  (mg/g) R

SMX

pH 3 81.0 0.0096 82.1 0.9992

pH 5 69.3 0.0061 69.8 0.9954

pH7 35.1 0.0052 355 0.9676

pH 9 10.7 0.0850 114 0.9852
SMz

pH 3 72.1 0.0144 72.6 0.9994

pH 5 73.8 0.0153 735 0.9986

pH 7 73.2 0.0037 76.7 0.9945

pH9 28.6 0.0227 283 0.9928
SMX

03g/lL 568 0.0286 57.0 0.9996

02g/lL 810 0.0096 82.1 0.9992

01glL 979 0.0058 98.5 0.9971
SMZ

03g/lL 556 0.0285 55.3 0.9988

02gL 721 0.0144 72.6 0.9994

01g/lL 899 0.0091 91.2 0.9985
SMX

30mg/L. 106.6 0.0053 108.1 0.9984

20mg/L 81.0 0.0096 82.1 0.9992

10mg/L 403 0.0421 404 0.9997
SMZ

30mg/L 1115 0.0047 110.0 0.9925

20mg/L. 721 0.0144 72.6 0.9994

10mg/L 404 0.0346 405 0.9992

carbon-based materials, which were also found to obey the
pseudo-second-order model [13,14,25,26].

A variation in pH not only affects the protonation-
deprotonation transition of functional groups on CNTs,
but also changes chemical speciation for ionizable SAs
[27]. Ionizable SAs can interact with adsorbents through
electrostatic attraction or repulsion, depending on their
acidity constants (pK ). Cationic (SAs"), neutral (SAs’), and
anionic (SAs”) compounds were formed as determined by
two acid dissociation constants within a wide pH range.
The first constant involves the protonation of the aniline
N (pK,,) and the other entails deprotonation of the SAs’
NH (pK_,). As the pH increased from 3 to 9, the SAs* grad-
ually transformed into SAs’ and then SAs~. Sorption was
maximal with the adsorption of neutral species (SAs’) of
SAs [13]. The deprotonated anionic form is manifestly
more hydrophilic than the protonated form, explaining the
significantly stronger sorption of the protonated species
than the anionic species. The effect of pH involved electro-
static and hydrophobic interactions. Hence, the adsorption

affinity of CNTs for various SAs species followed the order
SAs" > SAs* > SAs™. The SMX adsorption amounts at pH 3,
pH 5, pH 7 and pH 9 were 81.0, 69.3, 35.1 and 10.7 mg/g,
respectively, and those of SMZ were 72.1, 73.8, 73.2 and
28.6 mg/g, respectively (Table 2). The ratio of SMX" in solu-
tion at pH 3, pH 5, pH 7 and pH 9 was 0.938, 0.742, 0.028
and 0, respectively; hence, the adsorption amounts of SMX
followed the order pH 3 > pH 5 > pH 7 > pH 9. The ratios
of SMZ’ in solution at pH 3, pH 5, pH 7 and pH 9 were
0.691, 0.993, 0.817 and 0.043, respectively; accordingly, the
adsorption amounts of SMZ followed the order pH 5 > pH
7 > pH 3 > pH 9. The adsorption of SMX at different pH
values onto CNTs was also examined by Jakubus et al.
[28] and Liu et al. [25], who found that the adsorption of
SMX was greatest when the solution was adjusted to pH
3; this finding was consistent with the results in this work.

Electrostatic interaction is responsible for the lower
adsorption amounts at higher pH values. The isoelectric
point of CNTs was determined to be pH 4.8. The CNTs
were negatively charged at pH values of higher than 4.8;
otherwise, the surface of CNTs was positively charged by
protonation. Due to the electrostatic repulsion between
SAs™ and negatively charged CNTs, the adsorption capac-
ity was lower at higher pH. The decrease in the adsorption
by CNTs was attributed to an increase in ionization with
pH, which reduces the hydrophobic interaction [29] and
strengthens the electrostatic repulsion between SAs and
CNTs. Hence, the amounts of both SMX and SMZ that were
adsorbed were lowest at pH 9.

Diffusion models are important for identifying the dif-
fusion mechanisms and rate-controlling steps of adsorp-
tion. The whole adsorption process has three stages:
(1) stage I is liquid film diffusion (in which adsorbate is
transported from the bulk solution to the external surface
of the adsorbent, in a process that is also called outer diffu-
sion); (2) stage II is intraparticle diffusion (in which adsor-
bate from the exterior of the adsorbents enters internal
pores); and (3) stage III is the adsorptive attachment equi-
librium stage (in which adsorbate binds to the active sites
of the outer surfaces or interior of adsorbents. However,
stage III is not regarded as the rate-limiting step because
of its high speed [22]. The kinetic data were fitted using
the intraparticle diffusion model (Table 3). The multi-linear
curves revealed that the whole adsorption process is con-
trolled by a multistep mechanism, including boundary
layer diffusion and intraparticle diffusion, and the fall in
rate constants with time is attributable to gradual saturation
of the adsorbent surface [30]. The regression of the intra-
particle diffusion model did not pass through the origin
and exhibited multilinearity, suggesting that the adsorp-
tion involved several diffusion processes. Additionally,
stage I (liquid film diffusion) and stage II (intraparti-
cle diffusion) simultaneously controlled the adsorption
rate [31]. Since no C value was zero (Table 3), surface
adsorption and intraparticle diffusion simultaneously
occurred during the interaction between SAs and CNTs.

3.4. Effects of CNTs dosage and initial SAs concentration

After 10 min of adsorption, SMX removal at CNTs doses
of 0.1, 0.2 and 0.3 g/L was 48%, 70% and 83%, respectively,
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Table 3
Kinetic parameters of intraparticle diffusion model

Intraparticle diffusion model

k; (mg/g min'?) C (mg/g) R
SMX
pH 3 8.04 436 0.8152
pH5 8.73 24.9 0.9303
pH7 242 12.7 0.9168
pH9 1.36 5.4 0.7373
SMZ
pH 3 6.31 435 0.7143
pH 5 417 52.2 0.7917
pH7 10.82 16.8 0.9120
pH9 0.23 229 0.0181
SMX
03g/L 3.83 40.0 0.6886
02g/L 8.04 43.6 0.8152
0.1g/L 10.38 443 0.8943
SMZ
03g/L 420 37.4 0.8198
02g/L 6.31 435 0.7143
0.1g/L 14.07 33.9 0.8983
SMX
30 mg/L 11.15 51.0 0.9030
20 mg/L 8.04 43.6 0.8152
10 mg/L 1.93 30.8 0.9216
SMZ
30 mg/L 6.98 65.1 09132
20 mg/L 6.31 435 0.7143
10 mg/L 441 227 0.5964

and SMZ removal was 46%, 70% and 85%, respectively
(figure not showed here). An increase in CNTs dosage and
contact time increased adsorption owing to the availabil-
ity of a larger surface area of the CNTs with many active
sites where SAs can attach during the adsorption process.
The adsorption amounts of SMX at CNTs doses of 0.1, 0.2
and 0.3 g/L were 97.9, 81.0 and 56.8 mg/g, respectively, and
those of SMZ were 89.9, 72.1 and 55.6 mg/g, respectively
(Table 2). A larger CNTs dosage resulted in a lower adsorp-
tion amount for SAs. The decline in the trend was due to the
agglomeration of a higher dose of CNTs, hence, the CNTs
adsorptive amount cannot be fully utilized at a higher CNTs
dosage in comparison to lower CNTs dosage. A higher dose
of CNTs provided more active sites for SA adsorption. The
adsorption rate is governed by adsorption at active sites.
The value of k, increased with CNTs dosage (Table 2), as a
result of a strengthening of the driving force of diffusion.
After 10 min of adsorption, SMX removal at initial
SMX concentrations of 10, 20 and 30 mg/L was 72%, 70%
and 61%, respectively, and that of SMZ was 77%, 70% and

65%, respectively (figure not shown here). Increasing the
initial SMX concentration from 10 up to 30 mg/L increased
the adsorption amount from 40.3 to 106.6 mg/g; for SMZ,
the corresponding increase is from 40.4 to 111.5 mg/g
(Table 2). The adsorption amount increased with the ini-
tial concentration of SAs while the removal efficiency of
SAs decreased. SAs molecules tended to diffuse more
toward active adsorption sites of CNTs at higher SAs con-
centrations, resulting in greater adsorption. The decrease
in the adsorption percentage arose from the saturation of
the active sites of the CNTs, inhibiting the attachment of
more molecules of SAs. An insufficient number of active
sites on CNTs reduced the efficiency of removal by CNTs at
high SAs concentration. Therefore, the decrease of k, with
increasing initial concentration of SAs is attributable to the
availability of active sites on the surface of CNTs (Table 2).

The intercept [Eq. (3)], C, provides information on the
thickness of the boundary layer. The resistance to exter-
nal mass transfer increases as the intercept increases [32].
The constant C increases from 30.8 to 51.0 mg/g as the SMX
concentration increases from 10 to 30 mg/L, respectively; and
from 22.7 to 65.1 mg/g as the SMZ concentration increases
from 10 to 30 mg/L, respectively (Table 3). These results
show an increase in the thickness of the boundary layer
and a decrease in the probability of external mass trans-
fer. The C value increased with initial SAs concentration,
indicating that boundary layer diffusion was stronger at
higher SAs concentration [33].

3.5. Effects of compound’s properties

The octanol-water partitioning coefficient (K ) and
pK, were important in assessing the adsorption behav-
iors of different SAs. K is commonly used as an index
of an adsorbate’s hydrophobicity and pK_ is related to the
speciation of SAs [26]. The much higher hydrophobicity
of SAs® species than of SAs* and SAs~ species is mainly
responsible for its greater adsorption affinity [34]. The
hydrophobicity of pollutants can reportedly affect their
adsorption, and the relationship is positive for a hydro-
phobic pollutant, as revealed by K_ [35]. Zhao et al. [36]
observed that the order of hydrophobic for the heterocy-
clic amines was consistent with adsorption affinities of
the SAs, which indicated that the adsorption difference
of SAs was affected by the hydrophobic of different sub-
stituents. A larger logK corresponds to greater hydro-
phobicity, so SMX (logK_ = 0.85) underwent more hydro-
phobic adsorption than SMZ (logK = 0.14). More SMX
(81.0 mg/g) than SMZ (72.1 mg/g) was adsorbed onto CNTs
at pH 3 (Table 2) owing to its relatively high hydrophobic-
ity (Table 1). The hydrophobic attraction between the SAs
and CNTs was the dominant adsorption mechanism at pH
3 herein. Additionally, the adsorption amounts of the SAs
were mainly affected by electrostatic attraction at pH 5-9,
and the hydrophobic effect contributed only weakly to the
removal of both SMX and SMZ by adsorption onto CNTs.
Less SMX than SMZ was adsorbed onto CNTs at pH 5-9
(Table 2). Gao et al. [37] found that the main adsorption
mechanisms between activated carbon (AC) and fluoro-
quinolone antibiotics were a hydrophobic attraction and
electrostatic interaction. Deng et al. [38] investigated the
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adsorption of six perfluorinated compounds and found
that hydrophobic interactions and electrostatic forces
were responsible for their adsorption onto CNTs. The
adsorption of SMX and SMZ under the same conditions
was governed by a combination of forces. Liu et al. [25]
suggested that the adsorption of SAs onto CNTs at pH 3
is mainly governed by an electron-donor-acceptor interac-
tion and a non-hydrophobic interaction. The biosorption
efficiencies of extracellular polymeric substances (EPS)
were 70% and 53% for SMX and SMZ, respectively [23].
Pi et al. [23] suggested that the higher adsorption efficiency
for SMX than SMZ on EPS at pH 4 might be attributed to
the weaker steric hindrance of the function group, easily
occupying more adsorption sites. The higher adsorption
efficiency for SMX than SMZ onto CNTs was as identified
by Pi et al. [23]. The findings in this study suggest that
the hydrophobic interaction and electrostatic interaction
were involved in the adsorption of SAs by CNTs and pH
importantly affected the balance between hydrophobic
and electrostatic interactions.

3.6. Adsorption isotherms

Equilibrium data for the adsorption of SMX and SMZ
onto CNTs were analyzed using the Langmuir [39] and
Freundlich [40] models. The adsorption isotherms are as
described below. The Langmuir model [Eq. (4)] describes the
monolayer adsorption of a compound onto a surface with a
finite number of identical sites without surface diffusion. The
Freundlich model [Eq. (5)] assumes multilayer adsorption,

and describes physisorption on a heterogeneous surface
with various binding sites [41].

K.C
qe: qm L e (4)
(1+K,C,)
1
q,=K.C! ©)
1
R =——— 6
" 1+K,C, ©

where C, is the concentration of TOC at equilibrium; C,
is the concentration of TOC at t = 0; K, is the Langmuir
adsorption constant; and g, (mg/g) is the theoretical max-
imum adsorption amount. R, is the separation factor [Eq.
(6)], which specifies whether the adsorption process is
unfavorable (R, > 1), linear (R, = 1), favorable (0 <R, <1), or
irreversible (R, = 0), K, and n are the Freundlich constants,
and denote the adsorption capacity and process intensity;
1/n indicates the type of isotherm: 1/n <0, 1/n > 1, and
0 < 1/n <1 indicate irreversible, undesirable and desirable,
respectively [9]. R (8.314 J/mol K) is the gas constant.

Figs. 3 and 4 plot the adsorption isotherms of SMX and
SMZ at various temperatures, respectively. The amounts
of SMX and SMZ that were adsorbed onto CNTs increased
with the temperature declined, indicating that reducing the
temperature favored SMX and SMZ adsorption. A high tem-
perature disfavored the adsorption reaction, so adsorption
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Fig. 3. Adsorption isotherm analyses of SMX (a) Langmuir and (b) Freundlich plots (pH = 3; contact time =24 h).
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Fig. 4. Adsorption isotherm analyses of SMZ (a) Langmuir plots and (b) Freundlich plots (pH = 3; contact time = 24 h).

by CNTs was exothermic. The experimentally obtained
equilibrium adsorption data were fitted using Langmuir
and Freundlich isotherms. Both Langmuir and Freundlich
isotherms fitted the experimental results (R? > 0.94); more-
over, the R? of the Langmuir model exceeded that of the
Freundlich model at the same temperature (Table 4). Tang
et al. [42] and Pi et al. [23] found that the pseudo-sec-
ond-order, Langmuir and Freundlich’s models fitted the
experimental data, revealing that both physisorption
and chemisorption had participated critically in the SMX
adsorption. The Langmuir and Freundlich isotherms both
described the experimental data, indicating that SMX was
adsorbed on the heterogeneous surface through multilayer
and monolayer adsorption [43]. The results concerning the
adsorption SMX and SMZ onto CNTs herein were similar to
those of Tang et al. [42], Zheng et al. [43] and Pi et al. [23].

The essential feature of the Langmuir isotherm can be
expressed using ‘R,’, which is a dimensionless constant
that is referred to as the “separation factor” or “equilib-
rium parameter”. All values of R, between 0 and 1 indi-
cate that the adsorption of SMX and SMZ onto CNTs was
favorable. For both SMX and SMZ, the maximum adsorp-
tion amount (g,) increased as temperature decreased, and
the value for SMX exceeded that for SMZ at pH 3 at all
tested temperatures (Table 4).

Table 5 compares the maximum adsorption amounts
of SMX and SMZ onto various carbon-based materials.
The maximum adsorption amounts of SMX and SMZ onto
hexadecyltrimethylammonium bromide-modified AC
according to the Langmuir model were 16.2 and 17.5 mg/g
[14], respectively; the corresponding values onto func-
tionalized biochar were 88.1 and 65.7 mg/g [13], respec-
tively; and those onto AC were 231.7 and 206.6 mg/g [11],
respectively. The maximum adsorption amount of SMX
onto CNTs/CoFe,O, was 7.0 mg/g [47] and that of SMZ
onto hydroxylated-CNTs was 21 mg/g [50]. The observed
maximum adsorption amounts of SMX and SMZ onto
CNTs herein exceeded those reported in other studies
using various carbon-based materials.

The surface area that was covered by adsorbed SAs
was obtained using Eq. (7) [11].

Scovered (mz/g) =q;-N,- A @)

where 5 is the surface area that was occupied by SAs
in m*g; g, is the amount of adsorbed SA, in mol/g; N, is the
Avogadro number in molecules/mol; A, is the projected area
of SAZ, in nm?*molecule. The value of Ai was 0.7221 nm?/
molecule for SMX and 0.6919 nm?/molecule for SMZ [11];
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Table 4
Isotherm parameters for the SMX and SMZ adsorption onto
CNTs (pH =3)

Langmuir isotherm

q,, (mg/g) K, (L/mg) R R,
SMX
308 K 207.0 0.145 0.9925 0.263
318 K 206.5 0.119 0.9956 0.309
328 K 203.4 0.091 0.9942 0.375
SMZ
308 K 181.5 0.162 0.9963 0.245
318 K 178.7 0.156 0.9980 0.256
328 K 177.0 0.144 0.9967 0.270
Freundlich isotherm
n K, R?
SMX
308 K 1.563 29.511 0.9446
318 K 1.683 28.174 0.9671
328 K 1.568 22.065 0.9687
SMZ
308 K 1.698 29.622 0.9587
318 K 1.879 31.097 0.9725
328 K 1.714 27.374 0.9606

the values of g, at 308K and pH = 3 were 0.817 mmol/g for
SMX and 0.652 mmol/g for SMZ herein. Accordingly, sub-
stituting g, N, and A, into Eq. (7) yielded total covered
areas of 355.2 and 271.6 m*g for SMX and SMZ adsorp-
tion, respectively, and which were 0.546 and 0.417 times the
surface area of CNTs (651 m?/g), respectively. This study
suggests that not all of the adsorption sites on CNTs were

active for SMX and SMZ under the experimental conditions.

3.7. Distribution coefficient from equilibrium experiments and K

A linear isotherm is obtained when the constant 1/n
in the Freundlich model is approximately unity. The lin-
ear isotherm closely describes the partition of a compound
at low mass loading or when no specific bonding exists
between the adsorbate and the adsorbent [Eq. (8)] [52]:

qe = Kd : Ce (8)

where K, is the distribution coefficient and g, and C, are as
previously defined. Hence, K, also defines the ratio of con-
centration in the aqueous phase to that in the solid phase.

In wastewater treatment, SAs are partitioned into the
solid phase, depending on the hydrophobicity of com-
pounds, which is related to the K value. A larger K |
indicates that the compound is more hydrophobic. Dobbs
et al. [53] found that the adsorption of certain chlorinated
organic compounds on primary and digested solids from

municipal WTPs correlated positively with their log(K_ )
values. Xia et al. [54] suggested that the K, values of phar-
maceutical compounds could be predicted from their K,
values using the equation logK = 0.58-logK  + 1.14.

d,predicted
The K values for SMX anpd SMZ were calculated as

43.0 ari/geilge.i, respectively, in contrast to the experimentally
determined (pH 3 and 308 K) K, values of 8.0 and 6.9, respec-
tively. Apparently, the K, ..., values were inconsistent
with the K, values; however, the trends of K 4 predicted and K,
values for SMX and SMZ were consistent. K, did not com-
pletely dependent on K_, indicating that the hydrophobic
property did not dominate the adsorption of SAs. Sun et
al. [55] found that van der Waals forces and hydrophobic-
ity played major roles in the adsorption of SAs onto biochar.
Peng et al. [56] found that the major difference between the
hydrophobicity of ofloxacin (OFL) and that of norfloxacin
(NOR) did not result in a difference in their adsorption on
CNTs. The similar structures of OFL and NOR cause the

adsorption of both onto CNTs to be structurally controlled.

3.8. Thermodynamics analyses

The thermodynamic parameters of standard Gibbs free
energy change (AG°®), standard enthalpy change (AH®), and
standard entropy change (AS°) provide information on
the energetic changes inherent to the adsorption process.
The Langmuir isotherm was used to calculate thermody-
namic parameters using Eqgs. (9) and (10). AH® and AS°
were determined from the slope and intercept of the van't
Hoff plots of In(K)) vs. 1/T [Eq. (10)] [57].

AG®°=-RTIn(K, ) )

AS°  AH°
In(K, ) " RT (10)

Fig. 5 plots the regression of the van’t Hoff equation.
Table 6 presents the thermodynamic parameters of CNTs
at various temperatures. The negative AG° values sug-
gested that the adsorption of SMX and SMZ onto CNTs is
spontaneous. The negative values of AH® reveal that the
adsorption is exothermic. The positive AS° values suggest
increasing randomness and disorder of the system during
the adsorption process [43]. The adsorption of SMX onto
CNTs released more energy (more negative AH° values)
and exhibited greater orderliness (smaller AS° values) than
that of SMZ. Both SMX and SMZ exhibited similar thermo-
dynamic parameters, with their adsorption being sponta-
neous, exothermic, and entropically favorable. Pi et al. [23]
also found that the adsorption of SMX and SMZ onto EPS
decreased as the temperature increased.

The change in free energy (AG°) for physisorption is
reportedly in the range from 0 to —20 kJ/mol, while that
in chemisorption is between -80 and —400 kJ/mol [58].
In this study, the AG® values were in the range from —26.9
to —28.9 kJ/mol (Table 6), indicating that adsorption pro-
ceeded mainly physisorption. Jaria et al. [10] suggested
that the physisorption is always an exothermic process.
Physisorption is characterized by a reduction in free
energy and entropy, and therefore this form of adsorption
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Table 5

Comparisons of SMX and SMZ maximum adsorption amount onto various carbon-based materials

SAs Adsorbent q, (mg/g) References
CNTs 206.5 This study
Graphene 239.0 Chen et al. [44]
AC 231.7 Serna-Carrizales et al. [11]
SMX Magnetic AC composites 159 Wan et al. [45]
Biochar 99.1 Choi and Kan [46]
Functionalized biochar 88.1 Ahmed et al. [13]
Modified AC 16.2 Liu et al. [14]
CNT/CoFe,O, 7.0 Wang et al. [47]
CNTs 178.7 This study
AC 206.6 Serna-Carrizales et al. [11]
Graphene 104.9 Peng et al. [48]
M7 Functionalized biochar 65.7 Ahmed et al. [13]
Biochar 33.8 Rajapaksha et al. [49]
Hydroxylated-CNTs 21.0 Yang et al. [50]
Modified AC 17.5 Liu et al. [14]
Modified AC 17.2 Liu et al. [51]
12
11
~ B (3
= E =
B /_/ ®5MX
10 aSMZ
9 L 1
0.0030 0.0031 0.0032 0.0033
UT (K1)
Fig. 5. Regressions of van’t Hoff plot for thermodynamic parameters.
is exothermic, so it happens quite rapidly at low tempera-  Table 6

tures and becomes significantly weaker as the temperature
increases [59]. The negative value of AH® herein confirmed
that the adsorption of SAs was exothermic. Alkan et al. [60]
and Zhao et al. [61] suggested that the adsorption is governed
by chemisorption when the value of AH® is between 40 and
120 kJ/mol. Kara et al. [62] suggested that a heat of adsorption
of less than 40 kJ/mol implies physisorption. Moreover, the heat
that is evolved in physisorption is of the same order of mag-
nitude as the heat of condensation, 2.1-20.9 kJ/mol [63]. In this
investigation, the AH® values of SMX and SMZ were -19.7 and
-5.0 kJ/mol (Table 6), respectively, showing that the adsorp-
tion of SMX and SMZ onto CNTs is a physisorption process.

3.9. Desorption

Fig. 6 plots the desorption of SMX and SMZ over
time. The aqueous concentrations of SAs increased rap-
idly during the first day of desorption, approaching
steady values, which are held constant for the following

Thermodynamic parameters of CNTs at various temperatures

AG® (kJ/mol) AH° (KJ/mol)  AS® (J/mol K)

SMX

308K -269 -19.7 237

318K -273

328K 274
SMZ

308K 275 -5.0 72.9

318K -282

328K  -289

4 d. As shown in Fig. 6, many more SMX molecules (81%)
than the SMZ molecules (46%) were desorbed. At pH 11,
the electrostatic attraction of SAs is mainly responsible for
their adsorption; hence, the desorption percentage of SMZ
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Fig. 6. Desorption of SMX and SMZ from the used CNTs (pH = 11; T = 308 K).

onto CNTs was lower than that of SMX because the elec-
trostatic attraction was stronger. The physisorption was
caused by the reversible weak intermolecular physical
interactions, such as diffusion, hydrophobic interactions,
electrostatic attraction and hydrogen bonding with the mul-
tilayer formation of adsorbate on the adsorbent. The results
concerning desorption again suggest that the adsorption
of SMX and SMZ onto CNTs involved physisorption.

4. Conclusions

The solution pH was an important parameter in the
adsorption of SAs onto CNTs, owing to its effects on
the chemical speciation of SAs and the surface electrical
property of CNTs. The hydrophobic attraction between the
SAs and CNTs was the dominant adsorption mechanism
at pH 3, whereas the amount of SAs adsorbed was domi-
nated by electrostatic attraction at pH 5-9. The Langmuir
model best fitted the SMX and SMZ adsorption onto CNTs,
indicating the formation of a monolayer. Not all adsorp-
tion sites on CNTs were active for SMX and SMZ under
the experimental conditions herein. The negative AG° and
AH° and positive AS° values indicated the spontaneous
and exothermic nature of the adsorption process, which is
accompanied by an increase in entropy and governed by a
physisorption mechanism.
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