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A novel AI>-CNTs-Fe O, for the removal of low concentration sulfamethoxazole
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ABSTRACT

Anovel composite (Al>-CNTs-Fe,O,), synthesized through sintering and co-precipitation, was used to
remove low concentration sulfamethoxazole (SMZ) in wastewater with a two-step process (adsorp-
tion followed by oxidation). Briefly, SMZ was firstly adsorbed on the surface of AlI>-CNTs-Fe,O, at
initial pH of 3 (the adsorption process), then the adsorbed SMZ was degraded by the AI>-CNTs-
Fe,0,/O, system with 3 g/L AI-CNTs-Fe,O, and initial pH of 1.5 (the degradation process). With
the two-step process, 99.6% of the SMZ was degraded within 10 min while only 68.5% degraded
with the one-step process (simultaneous adsorption and degradation). The Langmuir model
and pseudo-second-order kinetic model could describe well the adsorption behavior of SMZ on
AI’-CNTs-Fe,0O,. The maximum adsorption capacity (Q, ) calculated from the Langmuir isotherm
model and the adsorption rate constant (K,) calculated from the pseudo-second-order kinetic model
were 17.497 mg/g and 0.192 g/(mg min) (T = 298 K, pH = 3.0), respectively. Moreover, the saturated
AI’-CNTs-Fe,O, was easily separated from the aqueous solution due to its saturation magnetization
(Ms) value of 35.14 emu/g, which was convenient for the subsequent degradation process. Possible
mechanisms of the adsorption and degradation of SMZ by AI°-CNTs-Fe,O, were also proposed.

Keywords: Adsorption; Contaminants degradation; Fenton-like; Antibiotics; Advanced oxidation

processes

1. Introduction

Sulfonamides are the drugs with the structure of
p-aminobenzenesulfonamide [1], which have been widely
used to prevent animal diseases [2,3]. As one of the most
common sulfonamides, sulfamethoxazole (SMZ) is broadly
used to kill various bacteria (e.g., Listeria mono-cytogenes
and Escherichia coli), and to remedy bacterial infections such
as prostatitis, urinary tract infections, and bronchitis [4,5].
Recently, SMZ has been detected in rivers, lakes, and efflu-
ents of urban sewage treatment plants. Since SMZ in the
environment is often accompanied by a certain ecological
toxicity and potential harm to environmental biosafety [6-8],
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the removal of SMZ from aqueous solution has received
many concerns. In order to reduce the harm of antibiotic pol-
lution in the environment to ecosystem and human health,
many methods have been developed to remove antibiotics,
such as advanced oxidation processes (AOPs), adsorption,
membrane technology, biological degradation processes,
etc. [9].

Sulfonamides can be degraded by AOPs with in-situ
generated *OH radicals as the main oxidation species [10,11].
Fenton oxidation process, as one of the AOPs, is believed
to be efficient for the removal of sulfonamides in aqueous
solution due to its mild reaction condition and simple oper-
ating process [12,13]. However, the difficulty in recycling
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Fe?" hinders the application of the traditional Fenton process.
To overcome this weakness, a Fenton-like process using
Fe,O, as the catalyst was developed and attracted many
attentions due to its low cost, high catalytic efficiency, and
catalyst recyclability [14-16]. In the traditional Fenton pro-
cess, the H,O, in aqueous solution is always provided
by bulk commercial H,0, which brings safety risk to the
transportation and storage of H,0,, and also reduces the
H,O, utilization efficiency in the degradation of organic con-
taminants [17,18]. Recently, a high efficient process of in-situ
generation of H,O, by metal-carbon nanotubes (CNTs) com-
posites, such as Zn’-CNTs, Mg’-CNTs, and AI°-CNTs, react-
ing with O, has been achieved [19,20]. Therefore, considering
the advantages of Fenton-like catalyst and in-situ generation
of H,0, in Fenton process, a novel Fenton-like process in
which *OH radicals were generated from the activation of
O, in solution by catalyst had been developed [21-23].

Most sulfonamides in wastewater are in trace or low
concentrations with low mass transfer rates, which results
in the low degradation efficiency of sulfonamides by Fenton-
like oxidation process. To this end, Fenton-like catalysts with
adsorption properties have been developed to improve the
degradation efficiency of organic contaminants. It is well-
known that CNTs are good adsorbents for pollutant removal
due to their high specific surface areas as nanomaterials and
the hollow nanostructures [24]. In addition, CNTs can be
used as the supports of catalysts due to their perfect ther-
mal, chemical, electrical, or mechanical performances [25].
Therefore, CNTs based Fenton-like catalysts are proposed
to have both adsorption and catalysis performances.

In the traditional Fenton-like process, the adsorp-
tion and degradation of organic contaminants are carried
out simultaneously in a single system (one-step process).
However, this one-step process cannot ensure that the
adsorption and degradation are conducted at their most
appropriate conditions. If the adsorption and degradation
of organic contaminants are proceeded at two stepwise sys-
tems: degradation after adsorption (two-step process) in the
Fenton-like process, the degradation efficiency of organic
contaminants is likely to be significantly improved by
making the two systems in their optimal conditions.

In this work, a novel AI>-CNTs-Fe,O, composite capable
of activating O, to in-situ generated H,O,/*OH was synthe-
sized and used for the removal of SMZ through a two-step
process. The main purposes of this paper are: (1) to study the
adsorption behaviors of SMZ on AI’-CNTs-Fe,O, (adsorp-
tion isotherms, adsorption kinetics, the effect of initial pH,
possible adsorption mechanisms, etc.); (2) to investigate
the degradation efficiency of SMZ by AI-CNTs-Fe,O,/O,
system (the effect of AI-CNTs-Fe,O, dosage and possible
degradation pathways); and (3) to compare the one-step
process with two-step process for the degradation of SMZ.

2. Materials and methods
2.1. Materials

CNTs (5-15 nm) were purchased from Timesnano
(Chengdu, China). SMZ (99.0%) from Damas-Beta
Company was purchased from China. Aluminum powder
(2.70 g/cm® 38-75 pm, and 99.0%) and polyethylene gly-
col (PEG) 4000 (99.0%) were obtained from the National

Medicines Corporation Ltd., China. Deionized water was
applied to all experiments.

2.2. Synthesis of AI>-CNTs-Fe,O,

The AI>-CNTs-Fe,O, was synthesized by a high-tem-
perature sintering combined with co-precipitation process.
In detail, aluminum powder and CNTs with mass ratio of
10:1 were added into a ball mill tank and ball-milled for 2 h;
the obtained mixture was then sintered in a ThermConcept
for 1 h at 973 K. After cooling down the sinters, the A1>-CNTs
composite was obtained. Then, the as-prepared AI-CNTs
was added quickly into a solution containing Fe*" and Fe*'
ions at a molar ratio of 1:1.5; the initial pH of the suspension
solution was adjusted to 9 with 2 mol/L ammonia. After a
15 min reaction, the solids in the suspension solution were
separated, washed by deionized water to neutrality, and
placed in a freeze dryer for 24 h to obtain AI>-CNTs-Fe,O,. All
the above reactions were carried out under argon protection.

2.3. Material characterizations and chemical analyses

The morphology of AI-CNTs-Fe,O, was characterized
by a scanning electron microscopy (SEM Hitachi JEM-
7500F, Japan). Crystalline structures of Al-CNTs-Fe,O, was
performed on an X-ray diffractometer (Bruker D8 Adv,
Germany). The functional groups of Al>-CNTs-Fe,O, were
recorded by Fourier transform infrared (FT-IR) spectrometer
(VERTEX 70) with a spectra range of 400—4,000 cm™.

The H,0, concentrations were determined by a UV-vis
spectrophotography (Alpha-1500, China) using K, TiO(C,0,),
as the color indicator at a wavelength of 400 nm. The SMZ
concentrations were determined by ultra performance liquid
chromatography (UPLC) (Agilent 1290, California, USA),
in which the mobile phase was acetonitrile and 0.1% for-
mic acid solution (35/65, v/v) at a flow rate of 0.2 mL/min;
analytical wavelength and the column temperature were set
as 270 nm and 308 K, respectively.

2.4. Determination of the point of zero charge of AI>-CNTs-Fe,O,

The determination of the point of zero charge of
AI’-CNTs-Fe,O, was conducted using a usual method in the
literature [26]. First, the pH of 25 mL suspensions containing
AI’-CNTs-Fe,O, and deionized water were adjusted to 1-10
with 0.1 mol/L HCI and NaOH. The initial pH of the suspen-
sions were measured after 20 min agitation for equilibrium.
Then, the suspensions were added 1.5 g NaNO, and agitated
for another 4 h to determine the final pH. The experiment
data were plotted as ApH (final pH - initial pH) against
initial pH.

2.5. Batch adsorption experiments

To investigate the adsorption behavior of SMZ on
AI’-CNTs-Fe,O,, the effects of initial pH (1-11), reaction
temperature (298-318 K), and contact time (0-120 min) on
the adsorption of SMZ were evaluated by the batch adsorp-
tion experiments. All of adsorption experiments were car-
ried out under N, protection. After adding required amount
of AI>-CNTs-Fe,O, into a 250 mL glass bottle containing

SMZ solution, the glass bottle was placed in a constant
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temperature oscillator box, and oscillated at a rotation rate
of 170 rpm. The solution was taken out at a given time inter-
val and filtered with a 0.22 um membrane. The concentration
of SMZ in the filtrates was determined by UPLC.

2.6. Adsorption kinetics

The adsorption kinetic experiments were carried out
at the temperature of 298 K, the SMZ concentrations at
5-25 mg/L, the AI’-CNTs-Fe,O, dosage at 0.8 g/L, and the ini-
tial pH of 3.

The amount of SMZ adsorbed at time  noted as g, (mg/g)
is defined as Eq. (1):

(co 7ct)xV

M @™

q: =

where ¢, (mg/L) and ¢, (mg/L) are the initial and remaining
concentrations of SMZ, respectively. V (L) is the solution
volume, and M (g) is the mass of AI’-CNTs-Fe,O,.

The obtained kinetic equilibrium data were simulated by
the pseudo-first-order kinetic model, pseudo-second-order
kinetic model, intra-particle diffusion, and Elovich models
(Egs. (2)—(5)), respectively [27].
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where g, (mg/g) is the amount of SMZ adsorbed at equilib-
rium time, k, (1/min), k, (g/(mg min)), and k, (mg/(g min'?))
are the rate constants in the pseudo-first-order kinetic model,
pseudo-second-order kinetic model, and intra-particle
diffusion model, respectively. d is a dimensionless constant
correlated to the thickness of boundary layer. a, (mg/g min)
and B, (g/mg) are the initial adsorption rate constant
and the desorption constant, respectively.

2.7. Adsorption isotherms

Adsorption isotherm experiments were carried out at the
initial pH of 3, the SMZ initial concentration of 2.5 mol/L,
the AI>-CNTs-Fe,O, dosage of 0.8 g/L, and the temperature
of 298-318 K. The data obtained from the adsorption iso-
therm experiments were analyzed by Langmuir isotherm
model, Freundlich isotherm model, Temkin, and Dubinin—
Radushkevich model [Egs. (6)-(11)] [27].
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where ¢, (mg/L) is the concentration of SMZ at equilibrium,
Q... (mg/g) is the maximum adsorption capacity. b (L/mg)
and {3 (mol*/kJ?) are the Langmuir constant and the Dubinin-
Radushkevich constant, respectively, associated with the
adsorption energy. K, and n are two Freundlich constants
about the adsorption capacity of adsorbent and the degree of
adsorption feasibility. K, (L/mg) and B, are the Temkin con-
stant and the constant about the heat of adsorption, respec-
tively. € and E (kJ/mol) are the adsorption potential and the
free energy of adsorption, respectively.

To understand the thermodynamic behavior of SMZ
adsorption onto AI>-CNTs-Fe O,, the thermodynamic param-

3T
eters were calculated by the following equations [28,29]:

AG® = —RTInK® (12)
K- 55.5[1'000 b) (13)
C
ko= _AH A (14)
RT R

where AG° (kJ/mol), AH® (kJ/mol), and AS° (kJ/(mol K))
are the Gibbs free energy change, the enthalpy change,
and the entropy change, respectively. T (K) is the absolute
temperature; R (8.314 J/mol K) is the gas constant; K® is a
dimensionless constant from b (the Langmuir constant);
55.5 (mol/L) is the mole of water per liter of aqueous
solution, and c is the molecular weight of SMZ.

2.8. Degradation of SMZ
2.8.1. Degradation of SMZ by Al>-CNTs-Fe,O,/O, system

Firstly, SMZ in the 100 mL solution with an initial con-
centration 2.5 mg/L was adsorbed onto 0.8 g/L AI>-CNTs-Fe,O,
at 298 K and initial pH of 3. Secondly, the SMZ-saturated
AlO-CNTs—FeBO , was separated from the solution with a mag-
net and dried for 12 h. Then, the SMZ-saturated AI°-CNTs-
Fe,O, was added into the H,SO, solution at initial pH of 1.5
with solid to water ratio of 3.0 g/L. Afterwards, O, was purged
into the H,SO, solution at 200 mL/min. The SMZ adsorbed
on the AI’-CNTs-Fe,O, would be degraded by the oxidizing
species from the reaction of AI>-CNTs-Fe O, with O,.

During the removal of SMZ by the adsorption-
degradation process, the mass of SMZ adsorbed on the Al’-
CNTs-Fe,O, was obtained from the mass difference of SMZ
in solution before and after adsorption. The degradation
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efficiency of SMZ on the Al>-CNTs-Fe,O, was calculated by
the mass difference of SMZ on the AI’-CNTs-Fe,O, before
and after degradation. The mass of SMZ on the AI>-CNTs-
Fe,O, after degradation was obtained as follows: the
AI’-CNTs-Fe,O, after degradation was washed thoroughly
by 0.05 mol/L HCI and then SMZ in the eluent was detected.

2.8.2. Control experiments of SMZ degradation

To further understand the pathways and mechanisms
of the degradation of SMZ in the AI>CNTs-Fe,O,/O, sys-
tem, control experiments were carried out in AI>-CNTs/O,,
Al’-CNTs-Fe,0,/O,, and AI>-CNTs-Fe,O,/TBA (tert-butyl
alcohol)/O, systems, respectively, at initial pH of 1.5 with
2.55 g/L AI’-CNTs or 3 g/L AlI>-CNTs-Fe,O,. 0.1 mol/L HCI
and NaOH were used to adjust the initial pH. To investigate
the function of *OH radical, TBA was introduced into the
Al’-CNTs-Fe,O,/O, system as the quencher of *OH [30,31].
Moreover, the accumulated concentrations of H,O, in the
AI’-CNTs/O, system and the AI-CNTs-Fe,O,/O, system
were also measured by UV-vis.

2.9. Comparison of one-step and two-step processes for the
degradation of SMZ

In the one-step process, 0.8 g/L AI-CNTs-Fe,O, was
added to 100 mL solution with an SMZ initial concentration
of 2.5 mg/L at initial pH of 1.5, the adsorption and degrada-
tion of SMZ would simultaneously occur in the atmosphere
of O,. During the two-step process, the same amount of
AI’-CNTs-Fe,O, used in the one-step process was added to
the solution containing the same concentration of SMZ at
initial pH of 3. After the adsorption process, the SMZ was
then degraded in the AlU—CNTs-FeSO /O, system with the O,
flow rate at 200 mL/min, solid to water ratio at 3.0 g/L and
initial pH at 1.5.

3. Results and discussion
3.1. Characterization of AI>-CNTs-Fe,O,

3.1.1. Scanning electron microscopy, energy-dispersive
spectroscopy, and vibrating sample magnetometer

The morphology of Al-CNTs-Fe,O, was obtained from
SEM images. It can be clearly seen from Fig. 1a that the
AIU—CNTs—FeSO4 had a porous and loose network structure,
which favored its adsorption of SMZ. The image in Fig. 1b
shows the highly entangled nature of CNTs. Additionally, it
can be seen from the energy dispersive spectra (EDS) of Al-
CNTs-Fe,O, (Fig. 1c) that the relative contents of Al, C, Fe,
and O were 55.84%, 9.00%, 13.35%, and 21.81%, respectively.
Moreover, almost no hysteresis loop could be observed
in the room temperature magnetization curve in Fig. 1d.
The saturation magnetization (Ms) values of AI>-CNTs-Fe,O,
was 35.14 emu/g. The good magnetic property allowed
Al’-CNTs-Fe,O, to be easily separated from water.

3.1.2. Brunauer—Emmett-Teller

The Brunauer-Emmett-Teller (BET) surface area and
pore size distribution of Al>-CNTs-Fe,O, and CNTs were

evaluated by the N, adsorption-desorption isotherms
and the BJH (Barrett-Joyner-Halenda) analysis (Fig. 2).
The average pore size and the BET specific surface area
of AI’-CNTs-Fe,O, were determined to be 33.08 nm and
58.97 m?/g, respectively, while that of the CNTs were
30.21 nm and 104.97 m?%g, respectively. The N, adsorp-
tion—desorption curves showed that the AI-CNTs-Fe,O,
and CNTs could be described by type IV isotherm with a
H3 hysteresis loop, which indicated that AI>-CNTs-Fe,O,
and CNTs were intricated mesoporous and microporous
materials with pores of plate structure [32]. It also indi-
cated that the structure of CNTs did not change obviously
after being loaded by Al’ and Fe,O,.

3.1.3. FTIR and XRD

The FT-IR spectrums of Al-CNTs-Fe,O, before and
after adsorption were shown in Fig. 3. As can be seen from
Fig. 3a, the peaks at 1,620 and 1,150 cm™ were attributed to
stretching vibrations of C=O and C-O group [33], respec-
tively. The corresponding peaks at 3,400 and 1,380 cm™ were
associated with the -OH on the CNTs [34]. In addition, the
peaks of C-O and -OH were weakened after the adsorp-
tion of SMZ by AI’-CNTs-Fe,O, (Fig. 3b), which might be
caused by the electron-donor-acceptor (EDA) interaction
between Lewis basic sites of SMZ (-NH and -NH,) and free
electrons of CNTs [35].

The XRD patterns of AI>-CNTs-Fe,O, before and after
degradation of SMZ are shown in Figs. 3c and d. The dif-
fraction peaks at 38.47°, 44.74°, 65.13° 78.23°, and 82.44°
were the peaks of Al’ (PDF #04-0787). The peaks at 60.25°,
35.6° 43.14°, 53.54°, 57.34°, and 62.82° were corresponded
to Fe,O, (PDF #65-3107) and 62.73° was assigned to the
structure of C (PDF #46-0944). The weak diffraction peaks
of Fe,O, might be due to the cover of Fe,O, by Al° or the
low content of Fe,O, in AI’-CNTs-Fe O, sample [36]. These
results proved that Fe,O, and Al° were successfully loaded
on CNTs. Compared to the peaks of Al-CNTs-Fe,O, before
degradation, the peaks belonging to Al disappeared in
AI’-CNTs-Fe,O, after degradation, which indicated that Al°
was consumed during degradation. In addition, the peaks
attributed to Fe,O, were substantially existing in the sam-
ple after degradation, which implied that little loss of Fe,O,
occurred in the degradation of SMZ.

3.2. Adsorption of SMZ on AlI>-CNTs-Fe O,
3.2.1. Effects of initial pH on SMZ adsorption

The influence of initial pH on SMZ removal by Al’-
CNTs-Fe,O, is shown in Fig. 4a. The removal efficiency
of SMZ increased markedly with the increased pH from
1 to 3, and the highest efficiency was obtained at pH of 3
(91.18%). Then, the SMZ removal decreased rapidly when
pH continually increased from 3 to 5, followed by a slight
decrease at pH from 5 to 11. It was confirmed that the
hydrophilicity, ionization and solubility were always seri-
ously responsible for the adsorption behaviors [37-40].
There are two pk_ values (pk_ =1.97 and pk , = 6.16 [41]) of
SMZ due to the presence of -NH, and ~COOH. Therefore,
there would be three forms of SMZ [42]: positively charged
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Fig. 1. SEM images of Al>-CNTs-Fe,O, (a) and CNTs (b); EDX spectra (c) and magnetic hysteresis loops (d) of AI>-CNTs-Fe,O,.

form when pH was less than 1.97, both positively and neg-
atively charged form when pH was between 1.97 and 6.19,
and negative charged form when pH was greater than 6.19.
The point of zero charge of Al>-CNTs-Fe,O, was determined
to be 3.9 (the initial pH at which the ApH equaled to 0
(Fig. 4b) [32]). This result implied that the Al>-CNTs-Fe,O,
was positively charged at pH < 3.9 and negatively charged
at pH > 3.9. When the pH of the solution was less than 2
or greater than 6, a strong electrostatic repulsion force would
form between SMZ and Al-CNTs-Fe,O, due to the same
positively or negatively electric charges, which resulted in
low adsorption efficiencies at pH < 2 or >6 [43]. Therefore,
the highest adsorption efficiency was achieved at an ini-
tial pH of 3 due to the electrostatic interaction between the
positively charged AI’-CNTs-Fe,O, and negatively charged
SMZ. Moreover, at relatively low pH, the hydrogen-
bonding forces between the -NH, or -COOH groups of
SMZ and the -OH on the CNTs were enhanced [44], which
also favored the adsorption of SMZ on AI’-CNTs-Fe,O,.

3.2.2. Isotherm models

The Langmuir isotherm model describes that a sin-
gle-layer adsorption reaction occurs at a certain number
of active sites, and there are no intermolecular interac-
tions between adsorbed molecules or adjacent sites [45].
The Freundlich isotherm model was used to describe the

adsorption characteristics for heterogeneous surfaces and
multilayer adsorption, and the adsorption affinity and
heat are unevenly distributed over the surface [46]. Temkin
model describes the interaction of adsorbate-adsorbate and
the Dubinin—Radushkevich model characterizes whether
the adsorption process is chemical adsorption or physical
adsorption.

The calculated parameters by the Langmuir isotherm
model, Freundlich isotherm model, Temkin model, and
Dubinin—-Radushkevich model are shown in Table 1 and the
plot of c, vs. g, is shown in Fig. 5. It can be seen from Fig. 5
that the adsorption capacity decreased with the increase of
temperature. The maximum adsorption capacities at 298,
308, and 318 K were 17.50, 17.32, and 14.92 mg/g, respec-
tively. The results in Table 1 also show that the Langmuir
model could describe well the adsorption of SMZ on
AI’-CNTs-Fe,O, according to the high R* (>0.99), which indi-
cated that the adsorption of SMZ on AI’-CNTs-Fe,O, was
dominated by monolayer adsorption and the active sites were
uniformly distributed on the surface of the AI>-CNTs-Fe,O,.

3.2.3. Thermodynamics

The thermodynamic data calculated by Egs. (12)-(14)
were used to further evaluate the adsorption behavior.
The calculated thermodynamic data for the adsorption of
SMZ on AlU—CNTs—Fe3O , are shown in Table 2. The obtained
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Fig. 3. FTIR spectra of fresh AI>-CNTs-Fe,O, (a) and AI>-CNTs-Fe,O, after adsorption (b); XRD patterns of AI>-CNTs-Fe,O,

before (c) and after (d) the degradation of SMZ.

negative AG® values indicated that the adsorption process
was feasible and spontaneous. The obtained positive value
of AS° suggested that the system randomness increased
during the adsorption process of SMZ onto AI’-CNTs-Fe,O,.
Moreover, the negative value of AH® suggested the adsorp-
tion process was exothermic [28,47], which also confirmed
by the increase of the adsorption efficiency of SMZ with the
decrease of temperature.

3.2.4. Adsorption kinetics

To better understand the adsorption mechanism, exper-
imental data were simulated by pseudo-first-order kinetic,
pseudo-second-order kinetic, intra-particle diffusion, and
Elovich models, respectively. Pseudo-first-order kinetic
model, pseudo-second-order kinetic model, and Elovich
model are used to investigate the reaction pathway and
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Fig. 5. Adsorption isotherms of SMZ on AI-CNTs-Fe,O,
(AI>-CNTs-Fe,O, =0.8 g/L, contact time = 60 min, and initial pH =3).

the adsorption rate-limiting step. The parameters of the
intra-particle diffusion model are related to the adsorption
boundary layer thickness. The fitting results of kinetics
parameters by four models are summarized in Table 3. It was
obvious that the adsorption removal of SMZ was found to
be quite rapid at the initial 5 min and reach equilibrium
at about 20 min (Fig. 6). Fig. 6 also shows that the higher
concentration of SMZ had a higher adsorption capacity,
which might be due to that high concentration of SMZ had
a stronger driving force for the migration of SMZ from solu-
tion to the surface boundary layers of the AI>-CNTs-Fe,O,.

Table 1
Parameters of the four adsorption isotherm models

Table 2
Thermodynamic parameters of SMZ adsorbed on Al’-CNTs-
Fe,O,

T(K)  AG°(J/mol)  AS°(KJ/(mol'K))  AH° (kJ/mol)
298 ~12.494

308 ~12.609 0.01868 -8.902

318 ~12.868

Obviously, the SMZ adsorption onto Al>-CNTs-Fe O, fitted
well with the pseudo-second-order model due to the high
correlation coefficients. Moreover, the calculated adsorption
capacity (q,) by the pseudo-second-order model was much
closer to the experimental data (q,, ), which implied that
the chemical adsorption was the rate-controlled step in the
adsorption process [48].

3.3. Degradation of SMZ
3.3.1. Effects of solid to water ratio on the degradation of SMZ

The SMZ degradation efficiency of the AI-CNTs-Fe, O,/
O, system was seriously affected by the solid to water
ratio. As shown in Fig. 7, the SMZ degradation efficiency
increased with the increase in the solid to water ratio.
The highest degradation efficiency (100%) reached at a solid
to water ratio of 3.0 g/L, which might be owing to the high
solid to water ratio provided more available active sites
for the activation of O,. Moreover, high solid to water ratio

T (K) Langmuir isotherm Freundich isotherm Temkin Dubinin-Radushkevich
model model model model
b(L/mg) Q_ (mg/g) R n K, R? K, (L/mg) B, R? Q... (mg/g) E (k]/mol) R*
298 0.690 17.497 0.9982 5.180 8.047 0.9249 0.072 19.826 0.9764 19.372 17.832 0.9621
308 0.572 17.324 0.9978 2.645 4.089 0.9544 0.009 29.673 0.9122 13.621 16.523 0.9412
318 0.350 14.918 09952 1.731 6.297 0.8948 0.025 32.725 0.9333 13.028 17.100 0.9884
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Table 3
Parameters of four kinetic models
C, Pseudo-first-order kinetic model Pseudo-second-order Intraparticle Elovich
(mg/L) kinetic model diffusion model model
Texp k, q. R? k, q. R? k, R? A R
(mg/g) (mg/g) (g/(mg min)) (mg/g) (mg/(g min'?)) (mg/g min)
5 5.819 0.368 5.467 0.9538 0.063 6.052 0.9952 5.585 0.9210  0.203 0.9362
10 8.405 0.875 7.509 0.6860 0.174 7.770 0.9858 4.923 0.9091 0.172 0.8831
25 12.931 1.295 12.443 0.8882 0.192 12.730 0.9943 6.382 0.9381 0.113 0.8933
14
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Fig. 6. Effects of contact time on AI-CNTs-Fe,O, adsorption
capacity (AI>-CNTs-Fe,O, dosage = 0.8 g/L, temperature = 298 K,
and initial pH = 3).

could save the usage of acid for adjusting pH. However,
the increase in the degradation efficiency of SMZ was lim-
ited when the solid to water ratio higher than 3 g/L, which
might be due to that the less water in the system, the less
O, could be transferred to the aqueous solution. Thus, the
ratio of 3 g/L was selected for the subsequent experiments.

3.3.2. Degradation of SMZ by different processes

Batch control experiments were conducted to determine
main oxidation species for the SMZ degradation by the
Al”-CNTs—FeSO4/OZ system at the initial SMZ concentra-
tion of 2.5 mg/L. In order to ensure the mass of CNTs in
AI>-CNTs and AI>-CNTs-Fe,O, were identical, the dosage
of AI’-CNTs in the Al>-CNTs/O, system and the dosage of
AI’-CNTs-Fe O, in the AI>-CNTs-Fe O,/O, system were 2.55
and 3 g/L, respectively. The cumulative concentrations of
H,O, for AI-CNTs/O,, AI>-CNTs-Fe,0,/O,, and AI-CNTs-
Fe,0,/O,/TBA systems at the O, flow rate of 200 mL/min
are shown in Fig. 8a. The degradation efficiency of SMZ
in the AI-CNTs/O, and the AI>-CNTs-Fe,O,/O, systems are
shown in Fig. 8b. O, was the precursor of the in-situ gener-
ation of H,0, via reacting with Al>-CNTs in the Al>-CNTs-
Fe,0,/O, system. A high concentration of H,O, (131 mg/L)
was observed in the Al“—CNTs/O2 system, but only 4.82%
of SMZ was degraded in the system. This indicated that
H,O, and Al“—CNTs/O2 system had a limited oxidation

1 (min)

Fig. 7. Effects of solid to water ratio on SMZ degradation (SMZ
concentration of adsorption = 2.5 mg/L, adsorbent dosage of
adsorption = 0.8 g/L, initial adsorption pH = 3; degradation
pH=1.5, T=298 K, initial degradation solution pH = 1.5).

capacity for SMZ. On the other hand, almost no H,O, was
detected in the AI’-CNTs-Fe,O,/O, system that had the
highest SMZ degradation efficiency, which implied that the
Fe,O, in Al>-CNTs-Fe,O, could decompose the H,O, pro-
duced by the reaction of AI-CNTs in Al>-CNTs-Fe,O, with
O2 into species with strong oxidation capacity. Moreover,
as a quencher of the ‘OH radical, TBA was added to
the Al>-CNTs-Fe,0,/O, system and leaded to almost no
degradation removal of SMZ. This suggested that the
*OH radicals played a key role in the SMZ degradation.

3.4. Comparison of two degradation removal processes of SMZ

The degradation efficiency of SMZ by the one-step and
two-step processes are shown in Fig. 9. It was obvious that
the degradation rate of the two-step process was faster than
that of the one-step process. The degradation efficiency of
SMZ by the two-step process reached 99.58% in 10 min,
whereas the degradation efficiency only reached 68.53%
by the one-step process. After 10 min, the equilibrium was
achieved in the two-step process while the equilibrium was
gradually achieved in the one-step process after 40 min.
The advantages of the two-step process on the SMZ deg-
radation might be owing to that the high concentration of
SMZ on the surface of AI-CNTs-Fe O, in the two-step pro-
cess enhanced the reaction driving force between SMZ and
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Fig. 8. (a) Cumulative H,O, concentrations in two different systems; (b) degradation of SMZ in three systems (AI’-CNTs-Fe,O, =3 g/L
or AI-CNTs = 2.55 g/L, initial solution pH = 1.5, SMZ initial concentration = 2.5 mg/L, O, flow rate = 200 mL/min, and T = 298 K).

the *OH radical generated by the AI>-CNTs-Fe,O,/O, system.
Moreover, the degradation of SMZ by the AI-CNTs-Fe,O,/
O, system needs the initial pH to be adjusted to 1.5, which
requires large amount of acid if using the one-step process.
However, the consumption of acid was reduced in the two-
step process to achieve the similar degradation efficiency
to that in the one-step process, due to the high solid to
water ratio in the degradation of SMZ by the two-step pro-
cess. Therefore, the two-step process has a better potential
for removing low concentration SMZ in wastewater.

3.5. Proposed mechanism
3.5.1. Adsorption of SMZ on AlI>-CNTs-Fe O,

Isotherm experiment results showed that the adsorption
of SMZ onto AI’-CNTs-Fe,O, was dominated by a monolayer
adsorption and the active sites were uniformly distributed
on the surface of AI-CNTs-Fe,O,. The SEM spectrum and
the BET analysis indicated that AI>-CNTs-Fe,O, had a large
specific surface area and a porous structure, which resulted
in an increase of the van der Waals force between AI>-CNTs-
Fe,O, and SMZ. The FTIR spectrum confirmed that there
were EDA interactions between the -NH and -NH, groups
of SMZ and the CNTs of AI>-CNTs-Fe,O,, and there might
be n—m or m—7t EDA interactions between the unshared pair
of electrons of N or O (e.g., -NH,, -O-) in SMZ and the
CNTs as well [43]. Additionally, the effect of initial pH on
the removal of SMZ had proved that electrostatic attrac-
tion was also responsible for the SMZ adsorption. As men-
tioned above, Al>-CNTs-Fe,O, showed broad affinity toward
SMZ in solution, which resulted from the van der Waals
force, chemical bonds, and electrostatic attraction between
SMZ and the surface of Al>-CNTs-Fe,O,.

3.5.2. Degradation of SMZ by AI’-CNTs-Fe,0,

XRD and SEM analyses indicated that Al° and Fe,O,
existed on the surface of CNTs, Tan et al. [20] confirmed
that the direct contact between Al and CNTs would result
in the formation of corrosion cells with Al as the anode
and CNTs as the cathode when AI>-CNTs composite was

100 & 2 - + a

9

= 80
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.2

Q

& 60

[

g

£ 40 —— Two-step process

'g One-step process

g 20y
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Fig. 9. Oxidation removal of SMZ by different processes (the
one-step process: initial SMZ concentration = 2.5 mg/L, adsor-
bent dosage = 0.8 g/L, T = 298 K, initial pH = 1.5; the two-step
process: initial SMZ concentration of adsorption = 2.5 mg/L,
adsorbent dosage of adsorption = 0.8 g/L, initial adsorption
pH = 3; solid to water ratio of degradation = 3 g/L, initial
degradation pH = 1.5, and T = 298 K).

added into the aqueous solution containing O,. The mech-
anism of the oxidation process could be listed as follows
(Egs. (15)—(17)):

(Anode)  Al-6e” — 2AI™" (15)
(Cathode) 30, +6H" +6e” —3H,0, (16)
2A1+30, +6H" — 2A1° + 3H,0, (17)

Based on the above electrode reactions, H,0, would be
generated in-situ in the solution. The H,0, that produced
in the AI>-CNTs/O, system would be decomposed to *OH
radical with strong oxidability by Fe,O, (Eq. (18)) that has
been reported in many literatures as an excellent Fenton-
like catalyst [49-51]:
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Fig. 10. AI>-CNTs-Fe,O, for the removal of SMZ by the two-step process.

Fe,0, +H,0, »"OH (18)

*‘OH radicals have been used extensively to degrade
the refractory organic contaminants due to their 2.80 V
high standard potential [52]. Therefore, it is reasonable to
expect that the generated *OH radicals were involved in the
degradation of SMZ.

3.5.3. Mechanism of the two-step removal of SMZ

The mechanism of the two-step removal of SMZ by
AI’-CNTs-Fe,O, is shown in Fig. 10. In the two-step process,
SMZ was firstly adsorbed on AI’-CNTs-Fe,O, through van
der Waals force, electrostatic attraction and the formation
of chemical bonds, etc., at initial pH of 3. Then the SMZ-
saturated AI>-CNTs-Fe,O, was separated by a magnet and
added into H,SO, solution with initial pH of 1.5 and O,
aeration for SMZ degradation. In the second step, O, was
activated and converted to H,O,/*OH, and SMZ adsorbed
on the surface of AI>-CNTs-Fe,O, was degraded by *OH
radicals with strong oxidability.

4. Conclusions

The as-prepared AI’-CNTs-Fe,O, had a porous struc-
ture, large specific surface area, and abundant functional
groups, which could adsorb SMZ through van der Waals
forces, electrostatic attraction, and the formation of chemical
bond. Moreover, O, could be activated by Al>-CNTs-Fe,O, to
in-situ generated H,O,/*OH in solution for the degradation
of SMZ. Thus, SMZ could be firstly adsorbed on AI>-CNTs-
Fe,O, at the optimum condition and then be oxidized by
AI’-CNTs-Fe,0,/O, system with high solid to water ratio.
This two-step process had higher degradation efficiency
than one-step process, which was because SMZ adsorbed on
AI’-CNTs-Fe,O, provided mass transfer dynamic for subse-
quent degradation; and with the two-step process, it is able
to conduct the adsorption and degradation of SMZ at their
respective optimal conditions. Overall, this two-step process

has a good potential in the removal of refractory organic con-
taminants at trace or low concentrations.
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