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d mechanism of dibutyl phthalate
removal by copper-based metal organic
frameworks coupled with persulfate†

Huanxuan Li, *ac Jialing Qin,a Yayun Zhang, b Shaodan Xu,a Jia Dua

and Junhong Tang*a

Copper-based metal organic framework (Cu-BTC) was prepared and used to remove dibutyl phthalate

(DBP) in the presence of persulfate (PS). The surface characteristics, textural properties, and stability of

activated Cu-BTC (denoted as Cu-BTC-A) were evaluated by scanning electron microscope (SEM), X-ray

diffraction (XRD), Fourier transform infrared (FTIR), X-ray photoelectron spectroscopy (XPS), Raman

spectroscopy, N2 physical adsorption–desorption, electrochemical impedance spectroscopy (EIS) and

cyclic voltammetry (CV). The effects of parameters such as initial pH, PS concentration, catalyst dosage,

and free-radical quenchers have been investigated. The results showed that DBP could be removed in

a wide pH range by Cu-BTC-A via mechanisms of adsorption and heterogeneous catalytic reaction.

Unfortunately, the DBP removal was not completed because of radical scavenging reactions in Cu-BTC-

A cages where PS can enter freely but DBP is blocked outside. Another explanation was that Cu-BTC-A

showed a low adsorption capacity for DBP because the molecular size of DBP (15.84 � 11.00 � 7.56 Å) is

larger than microporous cages (approximately 9 � 9 Å in diameter) of Cu-BTC-A.
1. Introduction

Metal–Organic Frameworks (MOFs), a class of crystalline
materials having innite network structures built with multi-
topic organic ligands and metal clusters, have evoked signi-
cant research interest in recent years.1,2 MOFs have been widely
used because of their attractive features such as high crystal-
linity, open porous structure, high surface area, and a high
volume fraction of metal ions.3–6 Indeed, MOFs rst received
tremendous attention as adsorbents for gas (hydrogen or
methane) storage.7,8 With the research and development of
MOFs, it is well realized that they are a kind of potential
heterogeneous catalysts for water purication.9,10 Although
more and more new methods are developed for organic waste-
water treatment,9–11 advanced oxidation processes (AOPs) are
considered to be superior to others in view of the creation of
highly reactive radicals, such as hydroxyl radical ($OH), sulfate
radical (SO4c

�), and superoxide radical (O2c
�).12,13 Sulfate
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radical-based AOP (SR-AOP) has been the focus of recent
research on the removal of refractory organic pollutants from
water due to its a variety of advantages, including high redox
potential of SO4c

�, a wide range of application pH, easy opera-
tion, and low harmful secondary products.2,11,14 However, the
generation of SO4c

� by decomposition of persulfate (PS) or
peroxymonosulfate (PMS) relies on extra energy and/or catalysts
(eqn (1)–(3)).13,15

Photochemical activation: S2O8
2� + hv / 2SO4c

� (1)

Thermal activation: S2O8
2� + heat / 2SO4c

� (2)

Chemical activation: S2O8
2� + Mn+ / SO4c

� + M(n+1)+

+ SO4
2� (3)

Among these activation methods, chemical activation using
ferrous ions as catalysts appears to be an inexpensive and
practical way, but the formation of a great deal of iron sludge
limits its widespread application.16 To avoid iron sludge
formation, a worldwide effort has been exhausted to search
alternative catalysts with excellent catalytic activity and long
useful lives.10,17,18 Many studies indicated that heterogeneous
AOPs exhibited better efficiency than homogeneous reactions
through enhancing generation of free radicals and expanding
effective pH range. As aforementioned, the central metals and
coordinative unsaturated sites make MOFs possible to be
excellent heterogeneous catalysts. Recently, several attempts
This journal is © The Royal Society of Chemistry 2018
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have been made to judge the feasibility of MOFs as heteroge-
neous catalysts.2,10,19 For example, MIL-53(Fe) was employed to
activate hydrogen peroxide (H2O2) for degradation of methylene
blue dye under visible light.19 However, this process showed
weak Fenton activity because the chemical state of iron in MIL-
53(Fe) structure is saturated with Fe(III). Other Fe-based metal–
organic frameworks including MIL-101(Fe), MIL-100(Fe), and
MIL-88B(Fe) were also examined as catalysts of PS to remove
acid orange 7 in aqueous solution,10 with low degradation effi-
ciency due to the weak reaction activity between Fe(III) and PS.
Therefore, synthesis of MOFs containing Fe(II) or other unsat-
urated metal sites is necessary to enhance the catalytic perfor-
mance of MOFs coupled with PS or H2O2. Nevertheless, most Fe-
based MOFs usually contain Fe(III) rather than Fe(II) because of
the high reducibility of Fe(II) that would be oxidized during the
synthesis process.

It is well known that copper metal–organic framework
Cu3(BTC)2(H2O)3 (Cu-BTC, BTC ¼ 1,3,5-benzene-tricarboxylate)
is a commonly used porous coordination polymer containing
framework Cu(II) species. In addition, the chemical state of
copper would not change and the crystalline nature of Cu-BTC
still keep well aer removing the coordinated water (see
Fig. S2†).20 Moreover, Cu(II) species had been reported to exhibit
catalytic activity on PS and generate SO4c

�.18 Hence, Cu-BTC has
been speculated to be an efficient catalyst of H2O2 for oxidation
of aromatic substrates.20 The biodegradability of wastewater
was signicantly improved while Cu-BTC was used as a hetero-
geneous catalyst of H2O2 for treatment of olive oil mill waste-
water.21 Huang et al. (2015) also employed Cu-MOFs as
heterogeneous catalysts of H2O2 for oxidation of simulated
phenol wastewater, which obtained satisfactory results with
a phenol degradation level of 99% and a maximum COD
removal efficiency of 93% under optimum conditions.22 Thus, it
is reasonable to expect that Cu-BTC would be an effective
catalyst of PS for degradation of persistent pollutants with
production of reactive radicals. Hence, the objective of this work
is to evaluate the feasibility and mechanism of Cu-BTC as
catalyst of PS for removal of dibutyl phthalate (DBP).

Very recently, we have reported the potential application of
Co-BTC for oxidation of DBP2 and herein, Cu-BTC was synthe-
sized and its catalytic activity as a heterogeneous catalyst of PS
was evaluated. The possible removal mechanism of DBP was
investigated, as well as the catalytic mechanism. DBP, a kind of
commonly used phthalic acid esters, was selected as the target
pollutant to evaluate the catalytic performance due to its toxicity
to living organisms and wide use in various industries.23,24 The
results of this study will present a new extension of MOFs and
also make a contribution to the development of AOPs.

2. Materials and methods
2.1 Materials

Unless otherwise specied, all chemicals and reagents were of
reagent grade and used without further purication. Copper(II)
nitrate trihydrate (Cu(NO3)2$3H2O) was obtained from Sino-
pharm Chemical Reagent Co., Ltd (Beijing, China). DBP (purity
> 99.5% (GC)), 1,3,5-benzenetricarboxylic acid (BTC) were
This journal is © The Royal Society of Chemistry 2018
purchased from Aladdin chemistry Co., Ltd (Shanghai, China).
Sodium persulfate (Na2S2O8, 99.0%) and all other chemicals
such as dimethyl formamide (DMF), sodium hydroxide (NaOH)
and sulfuric acid (H2SO4) were provided by Sinopharm Chem-
ical Reagent Co., Ltd (Beijing, China).
2.2 Preparation of Cu-BTC

Cu-BTC was prepared via a method similar to that reported in
the literature with certain modication.1,20 Briey, copper
nitrate (1.94 g) was dissolved in 30 mL of deionized water and
benzene-1,3,5-tricarboxylic acid (BTC) (0.84 g) was dissolved in
30 mL of 1 : 1 ethanol-DMF solvent mixture, then these two
solutions were mixed together and stirred for 15 min under
vigorous magnetic stirring at room temperature, followed by
transferring into a Teon-lined stainless steel autoclave with
a volume of 100 mL and heated up to 100 �C for 24 h. In order to
get the optimal synthesis condition, the temperature of 120,
140, 160, 180 �C and the reaction time of 12, 18, 36, 48 h were
also used to prepare Cu-BTC. Aer the heat treatment, the
autoclave was allowed to cool naturally to room temperature,
and the collected products were then rened through centri-
fugation at 6000 rpm for 2 min. To remove the excess solvent,
the obtained blue powder was extensively rinsed with deionized
water (3� 20 mL) along with alternation of ethanol (3� 20 mL),
and then dried in full vacuum at 60 �C for 24 h.
2.3 Catalytic potential of Cu-BTC

A shake-ask test was used to evaluate the catalytic and
adsorptive performance of Cu-BTC for removal of DBP in the
presence of PS. Typically, the experiments were performed in
250 mL serum bottles containing 100 mL of 5.0 mg L�1 DBP
solution. The reaction was initialed by adding PS and Cu-BTC,
immediately, the serum bottles were put in the rotary shaker
(ZHWY-20102C, Shanghai, China) with operating parameters of
180 rpm and 25 � 0.2 �C. At each predetermined time intervals,
1.0 mL aliquot of reaction solution was taken into a 10 mL
serum bottle where 1.0 mL of ethanol was added previously for
quenching the reaction. The sample was ltered through a 0.45
mm nylon membrane lter and analyzed for DBP concentration.
To assess the effect of PS dosage, Cu-BTC dosage, initial pH,
reaction temperature, and free-radical quenchers on DBP
removal, a series of similar experiments were carried out. The
initial pH was adjusted by 1 M sodium hydroxide (NaOH) or
sulfuric acid (H2SO4) and monitored by pH meter (Shanghai
LeiCi PHS-25) equipped with a pH electrode.
2.4 Characterization

Details of characterization of Cu-BTC-A with scanning electron
microscope (SEM), X-ray diffraction (XRD), Raman spectra,
Fourier transform infrared (FTIR), N2 physical adsorption–
desorption, X-ray photoelectron spectroscopy (XPS), electro-
chemical impedance spectra and (EIS) and cyclic voltammo-
grams (CV) are displayed in the ESI (Text S1).†
RSC Adv., 2018, 8, 39352–39361 | 39353
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2.5 Analytical methods

Details of the HPLC analysis method used to detect the
concentration of DBP are presented in the ESI (Text S2).†
3. Results and discussion
3.1 Structural and morphological characterization

Fig. 1A depicted the scanning electron microscopy (SEM) image
of as-synthesized Cu-BTC. Apparently, the image showed
a octahedron-shaped structure which possessed an average size
of ca. 10 mm. The elements of Cu, C, and O were main compo-
sitions of the as-synthesized Cu-BTC, which can be conrmed
by energy-dispersive X-ray spectroscopy (EDS) (Fig. 1B). The
crystal phases of as-synthesized Cu-BTC were investigated by
XRD analysis. As shown in Fig. 2, diffraction peaks located at
7.2, 9.8, 12, 13.8, 14.2, 14.8, 18, 21, 26.7, and 29.5� were indexed
to the indices (200), (220), (222), (400), (331), (420), (511), (440),
(553) and (555) of Cu-BTC.20,25 Moreover, the XRD pattern was
essentially identical to that of the stimulated XRD pattern of Cu-
BTC powder,26 verifying the successful synthesis of Cu-BTC.
However, weak peaks were also found at 37.5� and 42.5�

assigned to Cu2O as a by-product of Cu-BTC.27 The FT-IR spec-
troscopy and Raman spectra were conducted to identify char-
acteristic functional groups associated with as-synthesized Cu-
BTC. As seen in Fig. 2B, the FT-IR spectra of Cu-BTC exhibited
characteristic absorption peaks at 1665, 1589, 1396, 1442, 1112,
763, and 735 cm�1. The strong bands at 1396 cm�1 and
1442 cm�1 were due to the presence of asymmetric (vas(COO

�))
while bands at 1589 cm�1 and 1665 cm�1 were both attributed
to the symmetric (vs(COO

�)) vibrations of carboxyl groups.
Meanwhile, the absorption peak at 1112 cm�1 denoted the C–H
bending modes of the benzene ring in the plane. These bands
together with the out of plane C–H bending vibration of
Fig. 1 SEM image (A) and EDS (B) of as-synthesized Cu-BTC; synthesis

39354 | RSC Adv., 2018, 8, 39352–39361
benzene ring located at 763 and 735 cm�1 reected the presence
of dicarboxylate.28 The Raman spectra exhibited a n(C]C)
modes of the benzene ring at 1606 and 1002 cm�1, and the
peaks at 816 and 720 cm�1 were attributed to the (C–H) bending
vibrations and ring bending of out-of-plane, respectively.
Meanwhile, the doublet at 1521 and 1458 cm�1 corresponded to
the vibrational modes of vas(COO

�) and vs(COO
�).29 The

observed bands at the low-frequency region of 500 and
442 cm�1 were assigned to the presence of Cu(II) species.29

These results indicated the formation of “nodes” and “bridges”
with the respective Cu(II) and BTC. The permanent porosity of
Cu-BTC was veried by N2 sorption at 77 K via Brunauer–
Emmett–Teller (BET) analysis, as shown in Fig. 2D. The BET
surface areas and pore volume were 410 m2 g�1 and 0.196 cm3

g�1, respectively, these results fully agree with those of previous
study.30 It was interesting to note that a hysteresis loop begin-
ning at �P/P0 ¼ 0.45 and ending at P/P0 ¼ 1.0 was indicative of
the presence of mesoporosity,25 which could be the explanation
for the low surface areas. But the difference between the
adsorption and desorption was less than 10 cm3 g�1, revealing
a small amount of mesopores in the structure. As shown in the
inset of Fig. 2D, the BJH pore size calculated from the desorp-
tion branch was smaller than 5 nm and the pore volume was
lower than 0.0025 cm3 g�1, further conrmed that most of pores
in Cu-BTC weremicropores. According to these characterization
results, we can conclude that Cu-BTC material was successfully
synthesized.
3.2 Effect of thermo-activation and catalytic activity of Cu-
BTC

It has previously been reported that Cu(II) complexes show
excellent catalytic activity for decomposition of H2O2 only if the
metal coordination sphere appears in unsaturated conditions.31
condition: T (temperature) ¼ 100 �C; t (time) ¼ 24 h.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 XRD pattern (A), FT-IR spectra (B), and Raman spectra (C) of Cu-BTC before and after activation; N2 physical adsorption–desorption of as-
synthesized Cu-BTC (D) (inset: pore size distribution of mesopores). Synthesis condition: T (temperature) ¼ 100 �C; t (time) ¼ 24 h.
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Hence, in order to get coordinative unsaturated Cu(II) metal
sites, the as-synthesized Cu-BTC was activated under 230 �C for
2 h with the medium of nitrogen in a horizontal quartz tube, the
obtained product was denoted as Cu-BTC-A. The temperature of
230 �C was chosen based on the TGA data of Cu-BTC from
previous studies.32 The sky blue crystal powder turned to an
evident dark blue aer heating, which showed good agreement
with previous research.26 These results indicated coordinated
water removal and Cu-BTC-A was able to decompose PS in
theory because of the open unsaturated Cu(II) metal sites. The
XRD, FT-IR, and Raman spectra were also investigated aer
thermo-activation (see Fig. 2). There was no obvious change in
the XRD pattern and FT-IR spectrum before and aer activation,
implying that the crystal structure powder of Cu-BTC was not
damaged during the thermal activation. Some small differences
were observed in two samples of XRD pattern, whereas the
intensity ratio of I200/I220 signicantly increased while the I331/
I420 decreased for Cu-BTC-A sample. These results were in good
accordance with the calculated patterns of dehydrated Cu-BTC
in previous research.26 Additionally, it was evident that peaks
in the 800–400 cm�1 range of Raman spectra involving Cu(II)
species became dramatically stronger. All these features can be
explained in terms of a change in the rst coordination sphere
of Cu(II) species upon removal of water,31 which demonstrated
activating of Cu-BTC and leaving unsaturated Cu(II) sites avail-
able for catalyzing PS.

The catalytic performance of Cu-BTC before and aer acti-
vation was conducted. As displayed in Fig. 3A, the pseudo-rst-
This journal is © The Royal Society of Chemistry 2018
order rate constant of DBP removal was 0.002 min�1 in Cu-BTC/
PS system. However, the DBP degradation behavior in the Cu-
BTC-A/PS system was markedly different from that of Cu-BTC/
PS system, where DBP removal showed two-stage rst-order
degradation kinetic. The two-stage kinetic was composed of
an initial rapid removal stage (rst-stage) and a followed slow
removal stage (second-stage). The high kobs of rst stage could
be mostly ascribed to the both adsorption and degradation
reactions occur on the Cu-BTC-A surface simultaneously. The
reason of lower kobs of second stage may be explained by
desorption of DBP from surface or active sites of Cu-BTC-A and
scavenge reactions in the cages of Cu-BTC-A and resulted in the
slow removal of DBP. Meanwhile, the two-stage kinetic also
does a good explaining for the phenomenon that a turning
point appeared on the curve of the DBP removal in the PS/Cu-
BTC-A system (Fig. 3B). Similar result had previously been
observed in other heterogeneous catalytic material in the liter-
ature.33 In Fig. 3B, it was worth to note that about 25% of DBP
removal was observed in the system with only Cu-BTC-A, con-
rming that Cu-BTC-A showed weak adsorption capacity for
DBP. However, an obvious improvement of DBP removal was
noticed when both PS and Cu-BTC-A were added into the DBP
solutions, where 70.9% of DBP was removed. This fact further
proved that Cu-BTC aer activation showed catalytic perfor-
mance for decomposition of PS and generating free radicals.
Though there is H2O that could re-coordinate Cu(II) sites of Cu-
BTC-A during the catalytic reaction, Cu(II) will coordinate to PS
rstly due to the much more reactive nucleophile of PS than
RSC Adv., 2018, 8, 39352–39361 | 39355
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Fig. 3 (A) Effect of thermo-activation on pseudo-constant of DBP removal; (B) DBP removal in different systems. Experiment condition: DBP ¼
0.018 mM; PS ¼ 1.08 mM; catalyst ¼ 1.0 g L�1; T ¼ 25 �C; no pH adjustment.
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that of H2O.34 Hence, the subsequent experiments were con-
ducted using Cu-BTC-A.

To achieve a better understanding of the role of synthesis
process parameters on the catalytic performance, Cu-BTC-A was
synthesized under different temperature for different reaction
time. As illustrated in Fig. S5 and S6,† Cu-BTC-A synthesized at
100 �C for 24 h showed the highest removal efficiency of DBP.
Consequently, the subsequent experiments were conducted
using Cu-BTC-A synthesized at 100 �C for 24 h.
3.3 Effect of initial pH and scavengers on DBP degradation

As shown in Fig. 4A, heterogeneous catalysts of Cu-BTC-A
worked effectively over a broad pH range from 2.0 to 10.0,
compared with the conventional catalysts including Fe2+ (pH <
3), zero-valent iron, and Fe3O4.13,16,35 However, DBP removal at
pH 4.0 was a little lower than those of other pH values. This
result was largely different from the homogeneous system16

where the acidic condition was more favorable to organic
pollutants degradation. In addition, it seemed that there was no
evident difference in DBP removal among different initial pH
values except pH 4.0. But this heterogeneous process exhibited
better efficient at neutral solutions (pH 6.0 and pH 8.0),
attaining a maximum value of DBP removal at a pH of 6.0. This
fact reveals that this catalyst is a good option for treatment of
wastewaters without pre-adjusting their pH due to the pH of
Fig. 4 (A) Effect of initial pH on DBP removal; (B) effect of radical scave
1.08 mM; Cu-BTC-A ¼ 1.0 g L�1; T ¼ 25 �C; no pH adjustment.

39356 | RSC Adv., 2018, 8, 39352–39361
industrial organic contaminated wastewaters is oen around
7.0.33

DBP can be removed by adsorption, via a catalytic degrada-
tion, or by both processes. In order to gain deep insight into
DBP removal mechanism, scavenging experiments were inves-
tigated. Ascorbic acid, tertiary butanol (TBA), and ethanol
(EtOH) are well-known scavengers for quenching free radicals
(SO4c

� and $OH) because of their priority reaction with radicals
with high second-order rate constants.36 Fig. 4B displayed the
DBP removal in the presence of scavengers with a concentration
of 18 mM. Evidently, DBP decomposition was declined from
62.5% to 42.1% and 44.7% aer the addition of ascorbic acid
and EtOH, respectively, indicating the existence of SO4c

� or
$OH. However, it was noted that the inhibition on DBP with TBA
was smaller than those in the presence of ascorbic acid and
EtOH under exactly the same conditions. This result may be
explained that both SO4c

� and $OH are responsible for DBP
degradation due to that TBA is a perfect scavenger for $OH
rather than SO4c

� while both ascorbic acid and EtOH are good
candidates for quenching SO4c

� and $OH. In addition, our
previous studies35,36 found that most of DBP removal was
inhibited with the presence of radical scavengers in ZVI/PS and
Fe0@Fe3O4/PS systems. The inhibition on DBP removal by the
same scavengers in this study was much weaker than those two
systems. This was most likely that partial DBP removal was
attributed to the absorption by Cu-BTC-A.
ngers on DBP removal. Experiment condition: DBP ¼ 0.018 mM; PS ¼

This journal is © The Royal Society of Chemistry 2018
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3.4 Effect of PS and Cu-BTC-A dosages on DBP removal

As illustrated in Fig. 5A, DBP removal efficiency slowly increased
as the molar ratio of [PS]/[DBP] increasing from 30 : 1 to 90 : 1.
This indicated the existence of the adsorption mechanism for
the DBP removal. But the conclusion that Cu-BTC-A could
catalyze PS to generate SO4c

� also conrmed by the enhance-
ment on DBP removal. Hence, it is reasonable to increase PS
dosage for enhancing DBP removal. Nevertheless, a further
increase of PS concentration resulted in lower degradation
efficiency when [PS]/[DBP] exceeds 90/1. This could be eluci-
dated by the well known scavenging effect of SO4c

� (eqn (4) and
(5)), which leaded to competitive reactions between pollutants
and SO4c

�. Therefore, [PS]/[DBP] of 90/1 was perfect for this
system, as the use of excess oxidant not only was wasteful and
costly but also decreased the DBP removal efficiency. Further-
more, it should be noted that the highest DBP removal was only
68.9% within 180 min. The possible explanation was due to the
lack of catalytic sites of Cu(II) comparing to PS/Cu2+ system, as
the amount of Cu(II) in the Cu-BTC was only 4.67% of atomic
concentration based on XPS analysis in this study. In order to
conrm this speculation, the effect of Cu-BTC-A dosages on
DBP removal was also conducted.

SO4c
� + SO4c

� / 2SO4
2� (4)
Fig. 5 (A) Effect of PS concentration on DBP removal; (B) effect of catalys
¼ 1.08 mM (for B); Cu-BTC-A ¼ 1.0 g L�1 (for A); T ¼ 25 �C; no pH adju

Fig. 6 (A) Effect of temperature on DBP removal in the systemwith only P
Experiment condition: DBP ¼ 0.018 mM; PS ¼ 2.16 mM; Cu-BTC-A ¼ 1

This journal is © The Royal Society of Chemistry 2018
S2O8
2� + SO4c

� / SO4
2� + S2O8c

� (5)

Fig. 5B showed the relationship between DBP removal and
Cu-BTC-A dosages. It was found that DBP removal was consid-
erable accelerating with increasing Cu-BTC-A dosages. When
Cu-BTC-A dosage increased from 0.5, 1.0, 1.5, 2.0 to 3.0 g L�1,
DBP removal efficiency increased from 25.5%, 52.4%, 63.6%,
72.5% to 88.7%, respectively. This behavior was related to the
increased catalytic sites for PS contacting and resulted in more
free radicals, implying that the density of metal ions play an
important role in its catalytic performance.
3.5 Effect of temperature on DBP removal

Thermocatalytic decomposition of PS shows high efficiency for
pollutants removal although it usually requires high costs for
equipment and operation.15 Effect of temperature on DBP
removal was conducted to enhance understanding the mecha-
nism between the catalytic and adsorptive performance of Cu-
BTC-A. As illustrated in Fig. 6A, increasing temperature can
signicantly promote DBP degradation without Cu-BTC-A.
When the temperature was increased from 45 �C to 60 �C,
a great degree of enhancement on the conversion of DBP was
observed from the original value of 41.6% to 96.4% in 180 min.
t dosages on DBP removal. Experiment condition: DBP¼ 0.018mM; PS
stment.

S; (B) effect of temperature on DBP degradation in PS/Cu-BTC system.
.0 g L�1; T ¼ 25 �C; no pH adjustment.
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However, DBP degradation efficiency declined when both Cu-
BTC-A and PS were added into the solutions of 60 �C, where
DBP removal rate was 82.3%. This was probably due to the
scavenging reactions between a large amount of reactive radi-
cals, which generated via the dual catalysis of thermal and Cu-
BTC-A. If Cu-BTC-A only shows adsorption ability on DBP and
no catalytic performance on PS, DBP removal rate in the PS/Cu-
BTC-A system should be higher than that of only PS system.
Hence, the opposite results conrmed the speculation that Cu-
BTC-A shows catalytic performance on PS and generating free
radicals. In addition, it was also remarkable that the presence of
Cu-BTC-A signicantly accelerated the removal rate of DBP at
temperatures of 25, 35, 45 �C. This fact revealed that high DBP
degradation was mainly due to the heterogeneous catalytic
process in low temperatures. Furthermore, the study of elec-
trochemical performance (Fig. 7) also conrmed electron
transfer undergoing on the interface of Cu-BTC-A and PS.
3.6 Electrochemical performance and stability of Cu-BTC-A

The redox potential which concerns electron translation is
a crucial factor for catalysts during the catalysis process. The
electrochemical performance of Cu-BTC-A was evaluated by
cyclic voltammograms (CV) and electrochemical impedance
spectra (EIS). As seen in Fig. 7, the appearance of peak A1 at
0.41 V was ascribed to the anodic oxidation of Cu(II) to Cu(III)
while the peak C2 located at 0.48 V was related to the cathodic
reduction of Cu(III) to Cu(II).37 Another broad peak (C1) at about
0.3 V may be associated with two possible reduction reactions:
the subsequent conversion of Cu(II) to Cu(I) and the reduction
directly from Cu(II) to Cu(0).37 This meant that most of copper in
Cu-BTC-A was in Cu(II) valence state which would show good
catalytic performance.38,39 One of the difference between the
used and fresh Cu-BTC-A is that the two cathodic peaks attrib-
uted to the reduction of Cu(III) thus forming Cu(II) and Cu(0) in
the used Cu-BTC-A was more evident than that of fresh Cu-BTC-
A. Another difference was their peaks potentials shied to more
negative values in the curve of used Cu-BTC-A, which indicated
that the electrochemical processes of Cu occur in Cu-BTC-A
during the direct sweep. According to the literature,40 this
phenomenon was due to the strong complexation of Cu(II).
Fig. 7 (A) Cyclic voltammogram curves in 1.0 M KOH solution record
impedance spectra for Cu-BTC-A.

39358 | RSC Adv., 2018, 8, 39352–39361
Moreover, the peak-to-peak separation between the reduction
and oxidation peaks were signicantly increased. This result
can be attributed to the fact that the electron-transfer was
gradually obstructed in the used Cu-BTC-A. Similar results were
also observed in other MOFs.2 The Nyquist plots of the fresh and
used Cu-BTC-A were studied with the aim to investigate charge
transfer mechanisms, as displayed in Fig. 6B. Both of them
showed a semicircle that corresponds to the interface electron
transfer resistance (Ret) in the high-frequency region and the
linear region in the low.41 However, an increase of interfacial Ret
value was observed at the used Cu-BTC-A (le inset). This might
be attributed to the formation of Cu(III) in Cu-BTC-A and
reduced electron transfer efficiency. The phenomena could also
be explained by the fact that DBP was absorbed on Cu-BTC-A
surface and blocked electron transfer. It looked like the result
of impedance was consistent with the behavior observed in CV
curves discussed above. Hence, a conclusion could be deduced
that electron transfer underwent on the interface of fresh Cu-
BTC-A and involved in heterogeneous catalytic reaction.

The stability of catalyst is a key factor for its application, and
it is necessary to evaluate the stability of Cu-BTC-A from the
view of economic and environmental points. Thus, Cu-BTC-A
was tested by XRD patterns and IR spectra aer reactions. As
depicted in Fig. 8A, the XRD pattern of used Cu-BTC-A was
similar to that of fresh Cu-BTC-A, suggesting that the structure
of Cu-BTC-A was not damaged aer reactions. This also can be
conrmed by the FT-IR spectra of used Cu-BTC-A (Fig. 8B). In
other words, the organic ligands which act as the “bridges” keep
well and make Cu-BTC-A present a good stability during the
catalytic reaction process.

X-ray photoelectron spectroscopy (XPS) analyses were tested
to better understand the chemical states of elemental compo-
sition on the surface of Cu-BTC-A before and aer oxidation
process. For Cu 2p (Fig. 9B), the peaks located at about 932.7 eV
and 934.5 eV were assigned to Cu(I) and Cu(II), respectively in Cu
2p2/3, while the peak presented at 954.8 eV was contributed to
Cu(II) species. Meanwhile, the peaks at 938–946 eV and 961–
965 eV belonged to the shake-up satellite peaks. The appearance
of a small portion of Cu(I) species was due to the impurity Cu2O,
the data of XRD also showed the spectra of Cu2O. However, it
ed at a rate of 0.1 mV s�1; and (B) Nyquist plots of electrochemical

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 (A) XRD patterns of the fresh and used Cu-BTC-A; (B) FT-IR spectra of the fresh and used Cu-BTC-A.
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was very interesting to note that the intensity of peaks at
932.7 eV for Cu(I) decreased aer reaction, as shown in the used
Cu-BTC-A sample. A possible reason for this result might be
attributed to electron transfer from PS to Cu(I) during the
oxidation process. The spectra of O 1s could be deconvoluted
into two peaks centered at 533.04 and 531.2 eV (Fig. 9C), which
was attributed to the oxygen in water and BTC. As seen in the
spectra of C 1s, the peak located at around 284 eV and 285 eV
corresponded to C–C and C–H while the peak at binding energy
of 288 eV may be assigned to the presence of C]O, indicating
the presence of BTC.42 It was worth to note that there was no
signicant difference between the used and fresh Cu-BTC-A.
These results indicated that Cu-BTC-A showed good stability.
Fig. 9 The XPS spectra of the fresh and used Cu-BTC-A: (A) survey; (B)

This journal is © The Royal Society of Chemistry 2018
3.7 The mechanism for removal of DBP by Cu-BTC-A

It is well known that catalytic reaction mainly occurs on the
surface of catalyst in a heterogeneous catalytic reaction system.
Hence, catalytic activity of Cu-BTC-A is largely dependent on its
chemical composition, elemental valence, crystal structure and
surface state.43,44 In this work, signicant enhancement in
removal of DBP can be attributed to SO4c

� and $OH oxidation,
which was conrmed by the scavenging experiment. However,
the drop of DBP removal rate in presence of EtOH was higher
than that of TBA meant that SO4c

� was one of the oxidizing
species in DBP removal. In addition to radicals oxidizing, Cu-
BTC-A absorption also made a contribution to DBP removal,
Cu 2p; (C) O 1s; (D) C 1s.
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Scheme 1 Proposed mechanism for removal of DBP by Cu-BTC-A.
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as discussed previously. Hence, the mechanism of DBP removal
could be inferred, as in Scheme 1. At the initial stage, DBP was
absorbed on the surface of Cu-BTC-A. Aerwards, PS was
decomposed by metal sites of Cu(II) via electron transfer with
generating SO4c

� (eqn (6))18,38,39 that would attack DBP absorbed
on the surface of Cu-BTC-A, as well as in solutions. On the other
hand, SO4c

� would directly convert into $OH via the reaction
with hydroxyl ion (eqn (7)) and water (eqn (8)).

^Cu(II) + S2O8
2� / ^Cu(III) + SO4c

� + SO4
2� (6)

SO4c
� + OH� / SO4

2� + $OH (7)

SO4c
� + H2O / SO4

2� + $OH + H+ (8)

Then the formation of^Cu(III) would reduce by PS (eqn (9)),
and the oxidized^Cu(II) will be recovered. Meanwhile,^Cu(III)
also reacted with the small amounts of impurity Cu2O (eqn
(10)), which made the amount of Cu(I) reduce aer reaction, as
presented in XPS analysis.

^Cu(III) + S2O8
2� / ^Cu(II) + S2O8c

� (9)

^Cu(III) + Cu(I) / 2^Cu(II) (10)

The structure of Cu-BTC-A contains mesoporous cages
approximately 9� 9 Å in diameter.1 In order to conrm whether
or not catalytic oxidation reaction takes place in the cage of Cu-
BTC-A, molecular size of DBP and PS were calculated based on
the Bondi's method of van derWaals Volumes.45 The calculation
results indicated that dimensions of PS and DBP molecular size
were 8.25 � 5.21 � 5.05 Å and 15.84 � 11.00 � 7.56 Å, respec-
tively. This revealed that the cage of Cu-BTC-A prevented DBP
molecule from entering while PS molecule could freely pass
through. As a result, SO4c

� generated in the cage triggered
a series of quenching reactions, as displayed in eqn (11)–(15),
which made DBP degradation decline. This data also made
a good explanation for the fact that PS concentration made
a less effect on DBP removal.

SO4c
� + SO4c

� / 2SO4
2� (11)

SO4c
� + OH� / SO4

2� + $OH (12)
39360 | RSC Adv., 2018, 8, 39352–39361
SO4c
� + H2O / SO4

2� + $OH + H+ (13)

SO4c
� + Cu(II) / Cu(III) + SO4

2� (14)

SO4c
� + S2O8

2� / SO4
2� + S2O8c

� (15)

Hence, an effort to enlarge cages of Cu-BTC-A for control the
entrance of DBP and improving pollutants degradation is
needed in further research. The homogeneous reaction made
a very small contribution to DBP removal due to its low activity
on DBP removal (see Fig. 2B), which could be neglected
compared to heterogeneous oxidation and adsorption mecha-
nisms. Based on the results analysis, it can be concluded that
Cu-BTC-A could behave as a stable and efficient heterogeneous
catalyst of PS for removal of organic compounds that their
molecular size is smaller than 9 � 9 Å by a combination of
adsorption and degradation.
4. Conclusions

This study reported the synthesis of an effective and relatively
stable copper-based metal organic framework and its novel
application as a good heterogeneous catalyst upon the removal
of DBP via adsorption and heterogeneous oxidation process.
Parameters inuencing the DBP removal efficiency were inves-
tigated and the optimal removal conditions were obtained. The
electrochemical performance and stability of Cu-BTC-A were
also conducted, indicating that Cu-BTC-A with good stability
exhibited catalytic performance via electron transfer. However,
DBP removal was not complete due to radical scavenging reac-
tions in the cage of Cu-BTC-A where PS can enter freely while
DBP was blocked outside due to its large molecular size.
Considering the degradation efficiency of practical application,
enlarging the size of Cu-BTC-A cage is signicant for catalytic
degradation of large molecular organic compounds. Hence,
further work is devoted to modifying this material and
improved free radicals utilization efficiency. Our ndings might
extend the applications of Cu-MOFs as an efficient heteroge-
neous catalyst of PS for water purication.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by National Natural Science Founda-
tion of China (No. 51808177). One of the authors, Huanxuan Li,
would like to acknowledge nancial support from the Chinese
Scholarship Council (CSC).
References

1 S. S. Y. Chui, S. M. F. Lo, P. H. C. Jonathan, A. G. Orpen and
D. Williams, Science, 1999, 283, 1148–1150.

2 H. X. Li, J. Q. Wan, Y. W. Ma, Y. Wang, Y. M. Chen and
X. Chen, J. Hazard. Mater., 2016, 318, 154–163.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08285e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
:4

0:
57

 P
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
3 X. Li, H. L. Liu, X. S. Ji, G. Y. Li, T. C. An and Y. P. Gao, Sci.
Total Environ., 2017, 621, 1533–1541.

4 K. Sumida, D. L. Rogow, J. A. Mason, T. M. McDonald,
E. D. Bloch, Z. R. Herm, T. H. Bae and J. R. Long, Chem.
Rev., 2012, 112, 724–781.

5 Z. Hu, B. J. Deibert and J. Li, Chem. Soc. Rev., 2014, 43, 5815–
5840.

6 P. Horcajada, R. Gref, T. Baati, P. K. Allan, G. Maurin,
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