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cteristics of metal–organic
framework MIL-101(Cr) towards sulfamethoxazole
and its persulfate oxidation regeneration

Xiaoli Huang,a Qi Hu,b Lei Gao,a Qirui Hao,a Peng Wanga and Dongli Qin *a

A metal–organic framework, MIL-101(Cr), was used to adsorb sulfamethoxazole (SMZ) in water and

activated persulfate (PS) oxidation was investigated to regenerate SMZ-saturated MIL-101(Cr). Adsorption

and oxidation were combined in this study. MIL-101(Cr) was characterized by SEM, BET, XPS and FT-IR

analyses. Effects of various operating parameters on adsorption efficiency were studied. The dosages of

persulfate for SMZ desorption and oxidation were investigated. The results showed that the

recommended pH was 6–8 for SMZ adsorption and optimum MIL-101(Cr) dosage was 0.1 g L�1. SMZ

adsorption by MIL-101(Cr) was a spontaneous process and nearly exothermic. Saturation adsorption

capacity was achieved in 180 s and the adsorption followed the pseudo-second-order model. The

maximum adsorption amount of MIL-101(Cr) to SMZ was 181.82 mg g�1 (Langmuir). MIL-101(Cr) also

showed good adsorption capacities for sulfachloropyridazine (SCP), sulfamonomethoxine (SMM), and

sulfadimethoxine (SDM). Persulfate was helpful for SMZ desorption from the surface of saturated MIL-

101(Cr) and sufficient persulfate could simultaneously oxidize the SMZ. XPS analysis showed that the

structure of MIL-101(Cr) was stable after the persulfate oxidation process. Regenerated MIL-101(Cr) had

the same level of adsorption capacity as fresh MIL-101(Cr). An adsorption–oxidation combined process

may be set up based on the results. This study provides basic data for the deep treatment of organic

micropollutants in urban water bodies.
1. Introduction

Antibiotics are generally detected in effluents from sewage
plants around the World. The discharge of wastewater con-
taining antibiotics has caused great pressure on the natural
environment.1 Sulfonamides are broad-spectrum antibiotics
that are extensively used in sheries and animal husbandry.
The overuse of sulfonamides is not effectively curbed in China,
and hence, they are discharged into water sources in large
amounts.2 As a typical micro-pollutant, even low concentrations
of sulfonamides may cause ecotoxicity in water.3

In view of increasing antibiotics pollution, numerous
methods are being used to remove antibiotics in water, such as
biological process,4 advanced oxidation process (AOP),5

membrane ltration,6 electrocoagulation7 and adsorption.8

Adsorption, compared with biological process and AOP, can
directly remove antibiotics from water without large equipment
or complex operations. Activated carbon (AC),9 several types of
biosorbents, clays, zeolites10 and metal–organic frameworks
(MOFs)11 have been developed to remove antibiotics from water.
ute, Chinese Academy of Fishery Sciences,
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yang Pharmaceutical University, 110016,
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AC is a conventional adsorbent in wastewater treatment, but its
adsorption capacity for antibiotics is low, particularly at low
concentrations.12 MOFs are porous materials with three-
dimensional periodic grid structures formed by metal ion
clusters and organic ligands through self-assembly. MOFs have
the advantages of high specic surface area, multiple structure
composition and open metal sites, and have broad application
prospects in the selective adsorption eld. They are used to
remove aromatic compounds, drug molecules, dye molecules,
alcohols and inorganic metal ions from water.13 Cychosz et al.
compared the stabilities of MOF-5, MOF-177, UMCM-150, MOF-
505, MOF-100 and HKUST-1 in the aqueous phase14 and nally
chose MIL-100 to absorb the pharmaceuticals furosemide and
sulfasalazine from water. Tian et al. used functional MOFs to
adsorb tetracycline in water and found that the adsorption
process conformed to pseudo-second-order kinetics.15 Jhung
et al. used MOFs to adsorb benzene in water and the equilib-
rium adsorption capacity was 16.7 mmol g�1,16 which was
higher than that of AC at 8.0 mmol g�1. Hasan et al. used MOFs
to adsorb naproxen and clobric acid in water,17 nding that
they had higher adsorption capacities and adsorption rate
constants than AC. MOFs exhibits better performance than AC
at low concentrations. The adsorption capacity of Zr-MOFs to
diclofenac sodium was 13 times higher than that of activated
RSC Adv., 2018, 8, 27623–27630 | 27623

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra04789h&domain=pdf&date_stamp=2018-08-02
http://orcid.org/0000-0001-9127-3706
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra04789h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008049


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 7
/1

3/
20

25
 3

:1
8:

56
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
carbon.12 Therefore, compared to activated carbon, MOFs
reect superior adsorption of micro-pollutants from water.

Adsorption is a convenient way to remove antibiotics from
water. However, on saturation, the adsorbents may be regen-
erated, discarded and replaced by a fresh adsorbent. The dis-
carded saturated adsorbents easily cause secondary pollution
and frequently, adsorbent replacement is not economical.
Thermal treatment is widely used to regenerate saturated
adsorbents, but the process needs high energy, discharges lots
of toxic gases, and causes partial irreversible adsorption capa-
bility loss (10–15%).18 An alternative technique is oxidative
chemical regeneration, which can be performed on site and in
situ.

AOP can completely oxidize organics, but it is not cost-
effective to use AOP to directly remove micro-pollutants in
water because the target is difficult to handle and the reaction
has low efficiency. The use of AOP for the oxidizing enrichment
of contaminants on the surfaces of adsorbents improves the
removal efficiency of micro-pollutants in water. In fact, AOP has
been used to regenerate saturated adsorbents and simulta-
neously oxidize the enriched organics.19 Persulfate oxidation is
a new type of AOP developed in recent years.20 Persulfate is solid
at room temperature, easy to store and transport, and has high
stability and water solubility. Sulfate radical anion (SO4

�c) can
be activated from persulfate by UV, heat, alkali, ultrasound,
transition metal ions, etc.21 The oxidizing capacity of SO4

�c is
close to and even exceeds that of $OH; also, SO4

�c is more stable
than $OH. An et al. used SO4

�c to oxidize natural organic matter
(NOM) on the surface of saturated activated carbon22 and the
activated carbon was effectively regenerated. Wei et al. used
SO4

�c to rapidly regenerate saturated activated carbon,23 and
the adsorption capacity of activated carbon did not decrease
signicantly even aer 7 cycles. Hutson et al. studied the effect
of persulfate oxidation on the adsorption capacity of activated
carbon and found that the loss in adsorption capacity can be
compensated by pH adjustment.24

In this study, a metal–organic framework, MIL-101(Cr), was
used to adsorb sulfamethoxazole (SMZ) in water. The structure
of MIL-101(Cr) was investigated through BET, SEM and XPS.
The effects of adsorbent dosage, solution pH and initial
concentration of SMZ were studied. Kinetic and equilibrium
isotherm models and thermodynamic parameters were
explored to disclose the adsorption process. The adsorption
capacity of MIL-101(Cr) towards other sulfonamides was also
analyzed. Persulfate was used to regenerate saturated MIL-
101(Cr) and its dosage for SMZ desorption and oxidation was
investigated. XPS analysis was used to detect the structure of
MIL-101(Cr) before and aer persulfate oxidation.

2. Materials and methods
2.1. Materials

Sulfamethoxazole (SMZ, 98%) was purchased from Energy
Chemical Technology Co., Ltd. (Shanghai, China). Other
sulfonamides, such as sulfadimethoxine (SDM, 98%), sulfa-
monomethoxine (SMM, 93%) and sulfachloropyridazine (SCP,
98%), were bought from Aladdin Chemistry Co., Ltd (Shanghai,
27624 | RSC Adv., 2018, 8, 27623–27630
China). Sodium persulfate (Na2S2O8, 99%) was purchased from
Bodi Chemical Reagents Co., Ltd (Tianjin, China). Chromic
nitrate nonahydrate (Cr(NO3)3$9H2O), terephthalic acid
(H2BDC) and hydrouoric acid (HF) were of analytical grade and
purchased from Sinopharm Chemical Reagent Co., Ltd. Other
chemicals were of analytical grade unless otherwise stated.
2.2. Preparation of MIL-101(Cr)

MIL-101(Cr) was synthesized according to the published
procedure with a slight modication.25 Details are as follows. A
48 mL aqueous solution containing Cr(NO3)3$9H2O (4 g, 10
mmol) and H2BDC (1.66 g, 10 mmol) was kept in a polytetra-
uoroethylene liner. HF (0.425 mL, 40 wt% in H2O) was then
added to the aqueous solution, followed bymagnetic stirring for
15 minutes and ultrasound mixing for 30 minutes. The poly-
tetrauoroethylene liner was placed in a small stainless-steel
vessel and then moved into an oven. The reaction in the oven
was conducted at 210 �C for 8 h. Next, a solid containing MIL-
101(Cr) was gathered by centrifugation. It was then washed
thrice with DMF and absolute ethanol, in sequence. MIL-
101(Cr), which was green in color, was obtained as granular
crystals.
2.3. Characterization of MIL-101(Cr)

The morphology of MIL-101(Cr) was observed under a scanning
electron microscope (SEM, SU8010). The surface area was
analyzed by a Micromeritics TriStar II 3020. The specic surface
area from nitrogen adsorption was calculated through the
Brunauer–Emmett–Teller (BET) equation. The pore size distri-
bution was calculated using the Barrett–Joyner–Halenda (BJH)
equation. MIL-101(Cr) was analyzed by X-ray diffraction (XRD)
before and aer MIL-101(Cr) was employed for persulfate
oxidation.
2.4. Adsorption test

An aqueous solution of SMZ with MIL-101(Cr) was mixed using
an oscillator with certain speed (revolutions per minute). The
concentrations of SMZ were determined by UV spectroscopy
(UV-2450, Shimadzu) at 258 nm. All adsorption tests were con-
ducted at natural pH unless otherwise stated. For adsorbent
dosage experiments, varying MIL-101(Cr) dosage (from 1 to 20
mg) was added to 100 mL SMZ solution with concentration
10 mg L�1. For pH experiments, 10 mg MIL-101(Cr) was used to
adsorb SMZ (10 mg L�1, 50 mL) at pH varying from 3 to 9. For
salt concentration experiments, 15 mg MIL-101(Cr) and 100 mL
SMZ solution were employed. The SMZ concentration was
10 mg L�1 with salt concentration increasing from 0 to
0.5 mol L�1. All experiments were carried out in triplicate and
average results are presented.

In kinetic studies, 30 mg MIL-101(Cr) was separately added
to SMZ solutions (500 mL) with concentrations of 10, 50 and
100 mg L�1. Changes in concentration were measured at pre-
dened time points. The adsorption amounts at the predened
time points were determined as follows:
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 SEM images of MIL-101(Cr).
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qt ¼ ðCo � CtÞV
m

(1)

where Co (mg L�1) is the initial concentration, Ct (mg L�1) is the
concentration at time t (s). qt (mg g�1) is the amount absorbed
by MIL-101(Cr) at time t (min), V (L) is the volume of SMZ
solution and m (g) is the weight of MIL-101(Cr).

For isotherm experiments, 15 mg MIL-101(Cr) was added to
SMZ solutions (100 mL) varying from 6 to 120 mg L�1 at 25, 35
and 45 �C. The equilibrium data was tted to the isotherm
equations of Langmuir26 and Freundlich:27

Langmuir :
Ce

qe
¼ 1

qmaxKL

þ Ce

qmax

(2)

Freundlich : ln qe ¼ ln KF þ 1

n
ln Ce (3)

where Ce (mg L�1) is the equilibrium concentration in solution,
qe (mg g�1) is the equilibrated adsorption capacity of MIL-
101(Cr), qmax (mg g�1) is the maximum capacity of MIL-
101(Cr), KL (L g�1) is the Langmuir isotherm constant, KF [(mg
g�1) (L mg�1)1/n] is the Freundlich constant, and 1/n is the
heterogeneity factor.
2.5. The desorption by persulfate

The MIL-101(Cr) adsorbed and saturated by SMZ solution was
regenerated in the following process. Twenty milligrams satu-
rated MIL-101(Cr) was desorbed with 200 mL distilled water for
30 min, followed by the addition of sodium persulfate (Na2S2O8)
to continue desorption. The persulfate dosage was increased
from 0.1 g to 7.5 g L�1. Then, ultrasound was used to activate
sodium persulfate to generate SO4

�c in order to oxidize SMZ
both on the surface of MIL-101(Cr) and that desorbed from the
MIL-101(Cr) for 45 min. The concentration of SMZ in the
mixture was detected by high-performance liquid chromatog-
raphy (HPLC, LC-20AT, Shimadzu, Co., Ltd, Japan). Finally,
MIL-101(Cr) was ltered from the solution and desorbed by
methanol (100 mL) with ultrasound for 30 min. The SMZ
concentration in methanol was detected by HPLC. Aer regen-
eration by persulfate, MIL-101(Cr) was added to SMZ solution
(100 mL) at a concentration of 15 mg L�1 to test the adsorption
amounts.
Fig. 2 N2 adsorption–desorption isotherms of MIL-101(Cr). Inset:
pore size distribution.
3. Results and discussion
3.1. Characterization of MIL-101(Cr)

MIL-101(Cr) was investigated through several characterization
methods in this study. The morphology was analyzed by scan-
ning electronmicroscopy (SEM), as shown in Fig. 1. As shown in
the gure, MIL-101(Cr) is an evenly distributed octahedral
porous solid with a smooth surface. Most crystals have uniform
surface morphologies and some are split or lack angles. A few
rod-like particles are mixed with crystals of MIL-101(Cr) (Fig. 1).
These rod-like particles might be the recrystallized terephthalic
acid (H2BDC) or faulty MIL-101(Cr) crystals.

The BET surface area of MIL-101(Cr) was 2338.31 m2 g�1, and
the average pore size was 2.04 nmwith pore volume of 1.19 cm3 g�1.
This journal is © The Royal Society of Chemistry 2018
The N2 adsorption amount increased quickly when P/Po was lower
than 0.2 (Fig. 2). With P/Po increasing to 1.0, the N2 adsorption
amount increased slightly. The hysteresis loop is not clearly shown
in the N2 adsorption–desorption isotherms of MIL-101(Cr). The
average pore size (2.04 nm) could be conrmed from the pore size
distribution, as shown in Fig. 2.

X-ray photoelectron spectroscopy (XPS) was used to charac-
terize the Cr oxidation state. Fig. 3 shows the wide-scan and Cr
2p energy spectra of MIL-101(Cr). The existence of Cr(III) in MIL-
101(Cr) is evidenced by a shoulder observed on themain peak at
577 eV (Fig. 3b), which is assigned to Cr(III) species.

FT-IR was used to analyze the structure of MIL-101(Cr) before
and aer SMZ adsorption (Fig. 4). An intense absorption band
appeared at 1400–1600 cm�1 in the spectrum, irrespective of
adsorption of SMZ by MIL-101(Cr). The band appeared due to
C–O stretching vibration peak of the benzene ring. The
moderate intensity peak at 746 cm�1 is assigned to mono-
substituted benzene, and a similar peak at 583 cm�1 is
ascribed to Cr–O stretching vibration. The FT-IR spectra of MIL-
101(Cr) before and aer adsorption of SMZ were similar in
terms of peak shape and location of the peaks. No clear peak
appeared at lower wavelengths, and the spectra could not
identify the absorption type.
3.2. Adsorption of SMZ by MIL-101(Cr)

3.2.1. Effect of different operating conditions. The effect of
MIL-101(Cr) dosage on SMZ adsorption was studied at an initial
concentration of 10 mg L�1. When the dosage increased from
RSC Adv., 2018, 8, 27623–27630 | 27625
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Fig. 3 XPS spectra of MIL-101(Cr): (a) wide-scan, (b) Cr 2p.

Fig. 4 FT-IR spectra of MIL-101(Cr) before and after adsorption of
SMZ.

Fig. 5 The effect of adsorbent dosage (a) and pH (b) on SMZ removal
by MIL-101(Cr).

Fig. 6 Adsorption kinetics of SMZ on MIL-101(Cr) at 22 �C: (a) effect of
contact time on SMZ adsorption by MIL-101(Cr); (b) pseudo-second-
order kinetics (initial pH 7.0).

27626 | RSC Adv., 2018, 8, 27623–27630
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0.001 g L�1 to 0.2 g L�1, the adsorption quantity decreased from
107 mg g�1 to 19 mg g�1 (Fig. 5a). At low dosage, the adsorption
capacity of MIL-101(Cr) was high because almost all of its
adsorptive sites were occupied by excess SMZ molecules. When
the dosage was 0.1 g L�1, the SMZ removal efficiency began to
stabilize.

The effect of solution pH on SMZ adsorption was investi-
gated in the pH range of 3–9. Generally, the adsorption capacity
of MIL-101(Cr) was high, in the range of 6–8 (Fig. 5b). At pH 7,
the adsorption amount was 35.2 mg g�1. The adsorption of SMZ
decreased in extremely acidic and alkaline environments.
Extreme acidity or alkalinity could hasten molecular SMZ
conversion to ionic SMZ. At pH less than 7, MIL-101(Cr) was
positively charged on adsorption sites due to protonation.28

These charged adsorption sites could repel some of the posi-
tively charged SMZ. Lower pH may strengthen electrostatic
repulsion. However, at pH more than 8, the surfaces of MIL-
101(Cr) and SMZ were both negatively charged. The electro-
static repulsion decreased the SMZ amount adsorbed by MIL-
101(Cr).

The effect of salt concentration on the adsorption capacity of
MIL-101(Cr) toward SMZ was determined in the range of NaCl
concentrations from 0 mol L�1 to 0.5 mol L�1. SMZ adsorption
decreased with the increase in NaCl concentration. The
adsorption capacities were 28.8, 13.8, 9.6, 8.7 and 2.3 mg g�1 at
NaCl concentrations of 0, 0.01, 0.1, 0.25 and 0.5 mol L�1,
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Isotherm plots of SMZ adsorption on MIL-101(Cr): (a) equilib-
rium isotherms at 25, 35 and 45 �C. (b) The Langmuir adsorption
isotherm. (c) The Freundlich adsorption isotherm.

Table 1 Langmuir and Freundlich parameters for SMZ adsorption on MI

Temperature
(�C)

Langmuir

qmax (mg g�1) KL (L mg�1) R2

25 166.67 3.95 � 10�2 0.9
35 181.82 2.50 � 10�2 0.9
45 142.86 3.69 � 10�2 0.9

This journal is © The Royal Society of Chemistry 2018
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respectively. A rise in salt concentration resulted in a decrease
in SMZ adsorption. This could be explained by the fact that the
adsorption capacity was mainly controlled by electrostatic
attraction between SMZ and MIL-101(Cr). Also, high concen-
tration of the cation could compete with SMZ for sites on MIL-
101(Cr).

3.2.2. Adsorption kinetics. The kinetic behavior of MIL-
101(Cr) was studied to evaluate the speed of SMZ uptake from
water. Generally, the SMZ adsorption equilibrium of MIL-
101(Cr) was easily reached within a short time (Fig. 6). The
adsorbed amount increased quickly during the initial 20 s, and
the amount adsorbed at 20 s reached approximately 80% of the
saturation adsorption capacity (Fig. 6a). The saturation
adsorption capacities could be reached within 180 s. The
adsorption capacity of MIL-101(Cr) increased with the increase
in SMZ concentration.

Pseudo-rst-order and pseudo-second-order models were
tted to the data to understand the adsorption kinetics. A high
degree of linearity showed that the pseudo-second-order model
was applicable for analyzing adsorption kinetics (Fig. 6b). The
linear form of the pseudo-second-order model is expressed as
follows:29,30

t

qt
¼ 1

k2qe2
þ 1

qe
t (4)

where qe (mg g�1) is the amount of SMZ adsorbed at equilib-
rium, qt (mg g�1) is the amount at time t, and k2 [g (mg�1 s�1)] is
the pseudo-second-order kinetic adsorption rate constant. The
calculated amounts of SMZ adsorbed from the pseudo-second-
order model (qe,cal) agreed with the experimental values (qe,exp).
The qe,exp values were 51.30, 103.50 and 138.00 mg g�1 at initial
concentrations 10, 50 and 100 mg L�1, respectively, and the
corresponding qe,cal values were 52.08, 106.38 and 140.85 mg
g�1 with correlation coefficients (R2) 0.9982, 0.9972 and 0.9991,
respectively. Based on the results, the pseudo-second-order
model tted the experimental data.

3.2.3. Adsorption isotherms. Adsorption isotherms inter-
pret the specic relationship between adsorbates and adsor-
bents. Adsorption isotherms were obtained at varying
concentrations of SMZ at 25, 35 and 45 �C. The adsorption
equilibrium data was tted to the Freundlich and Langmuir
isotherm models, as shown in Fig. 7. Adsorption isotherms and
correlation constants obtained from linear analysis are avail-
able in Table 1. Both Langmuir and Freundlich isotherm
models could describe the experimental data, as exhibited by
correlation coefficients (R2) from 0.9353 to 0.9813. From Lang-
muir, the calculated amounts of SMZ adsorbed (qmax,cal) were
L-101(Cr) at different temperatures

Freundlich

N KF [(mg g�1) (L mg�1)1/n] R2

488 1.67 2.82 0.9353
794 1.70 2.63 0.9696
813 1.77 2.68 0.9482

RSC Adv., 2018, 8, 27623–27630 | 27627
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Fig. 9 Desorption of SMZ by different dosages of persulfate.

Fig. 8 Comparison of adsorption capacities of MIL-101(Cr) for
sulfonamide (50 mg L�1, 100 mL) removal: sulfamerazine (SMR), sul-
fadimidine (SM2), sulfachloropyridazine (SCP), sulfamonomethoxine
(SMM), sulfadimethoxine (SDM) and sulfamethoxazole (SMZ).

Table 2 Comparison of SMZ adsorption capacity of MIL-101(Cr) with
other sorbents

Adsorbents qmax (mg g�1) References

Silica nanotubes graphene oxide 125 31
Graphene nanosheet 103 32
Graphene–NH2 40.6 33
Graphene–COOH 20.5 33
Graphene–OH 11.5 33
Rice biochar 1.83 34
Walnut shell 0.59 35
CNT 21.4 36
Propane sulfonate 155.28 37
MIL-101(Cr) 181.82 This work
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166.67, 181.82 and 142.86 mg g�1 at 25, 35 and 45 �C, respec-
tively (Table 1).

The SMZ adsorption capacities of some adsorbents are
compared in Table 2. MIL-101(Cr) exhibited strong adsorption
ability to SMZ. To investigate the adsorption ability of MIL-
101(Cr) to more sulfonamides, a xed amount of adsorbent
(15 mg) was used to adsorb sulfamerazine (SMR), sulfadimidine
(SM2), sulfamonomethoxine (SMM), sulfachloropyridazine
(SCP) and sulfadimethoxine (SDM) in aqueous solutions
(volume of solution¼ 100mL), respectively, at initial concretion
50 mg L�1. The results obtained were compared with SMZ as in
Fig. 8, and MIL-101(Cr) was effective in adsorbing SCP, SMM,
SDM and SMZ.

3.2.4. Adsorption thermodynamics. Thermodynamic
parameters were used to evaluate the nature of SMZ adsorption
by MIL-101(Cr). The standard free energy (DGo), standard
entropy (DHo), and standard entropy (DSo) provided insights
into the adsorption behavior of an isolated system, and the
calculation was as follows:

DGo ¼ DHo � TDSo (5)

DGo ¼ �RT ln K (6)

ln K ¼ DSo

R
� DHo

RT
(7)
27628 | RSC Adv., 2018, 8, 27623–27630
where R (8.314 J mol�1 K�1) is the gas constant and T (K) is the
Kelvin temperature. K is the thermodynamic equilibrium
constant. DGo is �2.312, �1.896 and �1.479 kJ mol�1 at 25, 35
and 45 �C, respectively. The negative values of DGo indicate the
spontaneity of the adsorption process.

The standard entropy (DHo) was �14.73 kJ mol�1 and the
negative value conrmed the exothermic nature of SMZ
adsorption by MIL-101(Cr). The standard entropy (DSo) was
�41.65 J K�1 mol�1, which indicated decreasing randomness at
the solid–liquid interface.38,39 This result could be explained by
decreasing collision probability between the adsorbent and
reducing SMZ in solution. The system chaos and entropy
decreased with the reduction of SMZ in solution.
3.3. Persulfate oxidation regeneration of MIL-101(Cr)

Persulfate was used to desorb and oxidize SMZ on the surface of
MIL-101(Cr), and thus regenerate the adsorbent. When satu-
rated MIL-101(Cr) was added to an aqueous solution, some SMZ
desorbed from the adsorbent and the concentration of SMZ was
approximately 4.34 mg L�1. Persulfate was added to the solution
and ultrasound was used to activate the persulfate to produce
sulfate radical anion (SO4

�c). A low dosage of persulfate could
not provide enough SO4

�c to oxidize SMZ, but it accelerated the
desorption process. Aer adding 0.1 g L�1 persulfate to the
aqueous solution, the SMZ concentration increased from
approximately 4.34 mg L�1 to 9.43 mg L�1 (Fig. 9). With the
increase in persulfate dosage, the SMZ in solution was gradually
oxidized by SO4

�c and thus, the concentration of SMZ
decreased. At the dosage of 5 g L�1, the SMZ concentration
decreased to 0.02 mg L�1. When the dosage was increased to
7.5 g L�1, the SMZ concentration remained at 0.02 mg L�1, and
SMZ removal was relatively stable. Methanol (100 mL) was used
to treat MIL-101(Cr) that had been oxidized by persulfate. The
SMZ remaining on the surface of MIL-101(Cr) was desorbed by
methanol, and the SMZ concentration in methanol decreased
from 0.47 to 0.22 mg L�1, corresponding to the increase in
persulfate dosage from 0.1 to 7.5 g L�1 (Fig. 9). The methanol
desorption process and low SMZ concentration in methanol
showed that most of the SMZ on the surface of MIL-101(Cr) was
desorbed by persulfate and even a low concentration of per-
sulfate could effectively desorb SMZ.

In order to detect the adsorption ability of MIL-101(Cr) aer
persulfate oxidation, regeneratedMIL-101(Cr) was again used to
This journal is © The Royal Society of Chemistry 2018
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Fig. 10 The adsorption amount of MIL-101(Cr) during re-adsorption
process after regeneration by persulfate (PS). Fig. 12 The combined adsorption and persulfate oxidation process.
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adsorb SMZ. The equilibrium adsorption value was stable at
40.1 � 2.1 mg g�1 (Fig. 10), while the value for the fresh
adsorbent was 39.8 � 1.4 mg g�1. An increase in persulfate
dosage during oxidation did not damage the adsorption ability
of MIL-101(Cr). The change in adsorption value was not
signicant when the dosage increased from 0.1 to 7.5 g L�1

(Fig. 10). XPS spectra of MIL-101(Cr) before and aer treatment
with persulfate are shown in Fig. 11. The peaks that appearing
in fresh MIL-101(Cr) and the regenerated MIL-101(Cr) were
almost at the same positions, as shown in the wide-scan and Cr
2p spectra. These results can indicate that the structure of MIL-
101(Cr) is stable during the process of persulfate oxidation.
3.4. The combination of adsorption and persulfate oxidation

Fe-based MOF MIL-101(Fe) has been used to activate persulfate
in degrading dyes,40 and also shows stable structure of MIL-101.
In fact, pure MOF catalyst mostly possesses only Fe(III) and thus,
the catalytic activity is weak. In this study, MIL-101(Cr) had
larger adsorption capacity to sulfonamides than MIL-101(Fe)
under the same conditions. Hydrophobic interactions exist
between MIL-101(Cr) and sulfonamides. The C]O on MIL-
101(Cr) could form –C]O/H–NH– hydrogen bonds with
hydrogen atoms of sulfonamides. The hydrogen atoms of free
carboxyl on MIL-101(Cr) interacted with nitrogen on sulfon-
amides' amino groups, and –COOH/N–H2-hydrogen bonds
were formed. The adsorption capacities of MIL-101(Fe) to sul-
famerazine (SMR), sulfadimidine (SM2), sulfachloropyridazine
(SCP), sulfamonomethoxine (SMM), sulfadimethoxine (SDM)
and sulfamethoxazole (SMZ) were 23.08 � 0.48, 26.92 � 0.67,
Fig. 11 XPS spectra of MIL-101(Cr) before and after treatment with
persulfate: (a) wide-scan, (b) Cr 2p.

This journal is © The Royal Society of Chemistry 2018
0.93 � 0.03, 39.46 � 1.14, 2.72 � 0.05, 10.33 � 0.25 mg g�1,
respectively, at 50mg L�1 (100mL). The values of MIL-101(Cr) to
SMR, SM2, SCP, SMM, SDM and SMZ were 6.31 � 0.15, 13.17 �
0.33, 105.15 � 2.8, 108.24 � 2.7, 134.05 � 3.5, and 91.12 �
3.4 mg g�1, respectively. Based on the excellent performances of
sulfonamide adsorption and the stable structure of MIL-
101(Cr), persulfate oxidation has proved to be a promising
method for on-site and in situ adsorbent regeneration.

MIL-101(Cr) has excellent adsorption performance towards
sulfonamide antibiotics. The activated persulfate is also popular
because of its good oxidation capacity. The abovementioned
results show that activated persulfate can regenerate MIL-
101(Cr). Thus, MIL-101(Cr) can be used to adsorb sulfonamides
in water and activated persulfate can be used to oxidize the
enriched antibiotic to regenerate the adsorbent (Fig. 12). An
adsorption-oxidation combined process may be set up by
exploring process parameters under different activation condi-
tions. This study provides data support for the extensive treat-
ment of organic micropollutants in urban water bodies.
4. Conclusions

In this study, MIL-101(Cr) was used to adsorb SMZ in water. The
application of persulfate in regenerating SMZ-saturated MIL-
101(Cr) was investigated. MIL-101(Cr) was an evenly distrib-
uted octahedral porous solid with a smooth surface. MIL-
101(Cr) showed good adsorption capacity for SMZ at pH 6–8,
and the optimum dosage was 0.1 g L�1. Salt inhibited SMZ
adsorption, particularly at high concentrations. Adsorption
reached equilibrium in 180 s and followed the pseudo-second-
order model. SMZ adsorption followed the Langmuir adsorp-
tion isotherm, with adsorption capacities ranging from 142.86
to 181.82 mg g�1. SMZ adsorption by MIL-101(Cr) was a spon-
taneous and exothermic process. MIL-101(Cr) had equal or
better adsorption performance to SCP, SMM and SDM. Persul-
fate oxidation regeneration was effective in SMZ desorption,
and sufficient persulfate could both desorb and oxidize the SMZ
simultaneously. No visible structural damage was revealed by
the XPS spectra of MIL-101(Cr) aer the oxidation process. The
regenerated MIL-101(Cr) had the capacity of adsorbing SMZ
equivalent to that of the fresh MIL-101(Cr).
RSC Adv., 2018, 8, 27623–27630 | 27629
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