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CuO over ZSM-5 zeolite membrane was prepared by chemical vapor deposition (CVD) for catalytic wet
peroxide oxidation (CWPO) of phenol in a fixed bed reactor. Firstly, Cu-ZSM-5/PSSFs catalysts with Cu
loading of 2 wt%, 4 wt% and 6 wt% were prepared and characterized by XRD, XPS, SEM, EDS, N
adsorption—desorption and TPR (H,), respectively. Compared with CuO deposited directly onto PSSFs,
the CuO supported on ZSM-5/PSSFs tended to be more regular with smaller crystal size. Then, several
parameters affecting H,O, consumption and phenol oxidation such as reaction temperature, Cu loading,
and different supports were investigated in the CWPO of phenol with a high concentration (1 g L™
phenol and 5.1 g L™ H,0,). Experimental results revealed that Cu-ZSM-5/PSSFs (6%) showed better

) 431t A 2017 activity for the oxidation of phenol than Cu-ZSM-5/PSSFs catalysts with lower Cu loading and
eceive st August . . . . .
Accepted 4th Oc?ober 2017 CuO/PSSFs with same theoretical loading. A complete reduction of phenol and a high TOC removal

around 60% had been achieved over Cu-ZSM-5/PSSFs (6%) at the temperature of 80 °C, feed flow rate

DOI: 10.1035/c7ra09676¢ of 2 mL min™ and catalyst bed height of 2 cm. Finally, the possible oxidation pathway of phenol was
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1 Introduction

Phenols are present in the wastewater of various industries,
such as refineries, coking operations, coal processing and
manufacture of petrochemicals.* Phenol-containing wastewater
can not be discharged into open water without treatment
because of the toxicity of phenol. Therefore, the removal of
phenol from wastewater is significant to ensure the humans’
health and water security. Physical separation,” biodegrada-
tion,®> thermal destruction,*® and the advanced oxidation
processes (AOPs)® are the available technologies for the removal
of phenol from effluents. Due to the biological and thermal
persistence of phenol, the AOPs, primarily based on the action
of hydroxyl radicals ("OH) to oxidize organic pollutants, has
been recognized as highly efficient treatment for the wastewater
containing phenol, especially if it presents at high concentra-
tions (1-10 g L™').” Among them, some processes such as
catalytic wet air oxidation (CWAO) or catalytic wet peroxide
oxidation (CWPO) are particularly attractive, enabling the
abatement of phenol to carbon dioxide and water.® Unlike the
CWAO, in which the operation condition is usually severe
(20200 bar and 200-320 °C),® the CWPO uses H,0, as a source
of "OH and a suitable catalyst for the degradation of the organic
species under relatively mild conditions (0.1-0.2 MPa and
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studied based on the by-products detected by high-performance liquid chromatography (HPLC).

20-130 °C).*'* Moreover, the CWPO also takes an advantage of
employing H,0, as the liquid oxidant to overcome the gas—
liquid mass transfer limitations in the process of CWAO.

Phenol oxidation has been approached using CWPO with
homogeneous catalysts and heterogeneous catalysts under
hydrogen."* Hydrogen peroxide is easily decomposed to
powerful oxidizing hydroxyl radicals in the present of transition
metals (Fe*", Fe**, Cu®") with redox properties.” However, the
use of homogeneous catalysts causes difficulties in the catalyst
separation and regeneration. The development of heteroge-
neous catalysts offers a practical solution to overcome these
drawbacks of conventional homogeneous catalysts.

The classical heterogeneous catalysts employed in CWPO
consist of an active phase, mainly Fe or Cu, immobilized on the
surface of a porous support such as activated carbon,™ silica,*
pillared clays,'® or zeolites,””** among others. A interesting
overview of strategies for enhanced CWPO of phenol solution is
reported by Inchaurrondo et al., in which copper oxides have
been found to exhibit a great activity for the catalytic oxidation
of organic water pollutants with air or oxygen, but the use of Cu-
based catalysts in CWPO process is incipient.”” Zeolite
membranes have been confirmed as promising catalytic
supports because of their uniform porous structures, unique
surface properties, good mechanical strength, good chemical
and hydrothermal stabilities, and they can be used directly into
a continuous reactor.”*>* It has been reported that ZSM-5
membrane can be supported on PSSFs (paper-like stainless
steel fibers)*® and macrocellular b-SiC foams.*” In our previous
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works, a series of novel ZSM-5/PSSF (paper-like stainless steel
fibers with three-dimensional network structure which
prepared by wet lay-up papermaking method and sintering
process) zeolite membranes used as the catalysts support were
synthesized by secondary growth process.****** Moreover, an
obvious enhancement was found in the efficiency of metal
modified ZSM-5 zeolite membrane/PSSF catalysts for the CWPO
of phenol, confirming a cheerful prospect of these catalysts in
the application of CWPO processes.”>**

Recently, chemical vapor deposition (CVD) has been used in
the catalysts synthesis, especially for coating the catalytically
active metal element onto porous solid support.> The use of the
CVD method has already been demonstrated to present
advantages when compared with other methods (such as
impregnation, precipitation, and ion exchange) for catalysts
preparation. The vital steps such as adsorption, drying, calci-
nation and reduction of conventional heterogeneous catalyst
preparation methods may lead to obvious alterations in the
catalyst structure and the decrease of the active surface area of
catalysts. The CVD process takes advantages of forming high
uniform metal or metal oxides thin films onto a particular
substrate area without destroying the structure of the support.
Another relevant advantage of this technique is that it offers the
ability to cover any geometric shape with a deposit of crystalline
nanoparticles.> Those catalysts prepared by the CVD method
are usually applied in the gas-phase reaction but seldom
utilized in the liquid-phase reaction. Pan et al.*' used a home-
made PSE-CVD system to synthesize Cu,O thin films for cata-
lytic oxidation of C,H, and C3;He. This pure Cu,O catalyst has
high efficiency for the complete oxidation of VOCs with good
reusability and reproducibility. Zhou et al.?® prepared the Cu/
LTA/PSSF catalyst by CVD and tested it in a zeolite membrane
reactor. The 10% Cu/LTA/PSSF-CVD in their work presented
a high catalytic activity in acetone oxidation (90% of acetone
converted at 300 °C). Lam et al.*® used oxygen as a carrier gas in
the organic chemical vapor deposition process (MOCVD) to
prepare a stable Fe/MCM-41 catalyst. This catalyst showed an
excellent mineralization efficiency of orange II of ~85% in the
heterogeneous photo-Fenton's reaction and an extremely low
iron leaching concentration of ~0.17 mg L™'. Although, the
catalyst prepared by CVD appears excellent activity in the
oxidation of organics has been applied in the CWAO of
phenol.** Few researches are dealing with the CWPO of phenol
in a fixed bed with the catalyst prepared by CVD. More impor-
tantly, the use of metal modified ZSM-5 zeolite membrane/PSSF
catalysts in the fixed bed can enhance conversion, selectivity
and catalyst life due to the high contact efficiencies between the
catalyst and flow streams.”>** It also eliminates the need for
filtration of catalyst particles, especially important in liquid
phase systems.

In this work, we investigated the chemical vapor deposi-
tion of CuO on ZSM-5 zeolite membrane to generate a novel
catalytic material. The feasibility of this catalyst for the
CWPO of phenol wastewater of high concentration (1g L")
was probed in a fixed bed reactor. Several factors such as
reaction temperature, the property of support and the copper
loading were examined in the process of the phenol
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oxidation. Meanwhile, the by-products in the treated water
was analyzed to discuses the reaction mechanism of the
resulting catalysts.

2 Experimental
2.1 Materials

Stainless steel fibers with diameter about 6.5 pm were
purchased from Huitong Advanced Material Company (China).
Tetrapropylammonium hydroxide (TPAOH, 25 wt% aqueous)
was purchased from Xian Quansheng Fine Chemical Company.
Tetraethoxysilane (TEOS, >99%) was gained from Tianjing
Fuchen Chemical Reagent Factory. Phenol was purchased from
Guangzhou Chemical Reagent Factory. Ethanol (C,HsOH,
>99.8%), ammonia water (NH;, 25-28 wt% aqueous) and
sodium aluminate (NaAlO,, anhydrous) were all purchased
from Sinopharm Chemical reagent Co., Ltd.

Phenol was purchased from Guangzhou Chemical Reagent
Factory. Hydrogen peroxide (H,O,, 30 wt% aqueous) was ob-
tained from Jiangsu Qiangsheng Chemical Co., Ltd. Manganese
dioxide was purchased from Shanghai Qiangshun Chemical
Reagent Factory. All of the chemical reagents mentioned above
were analytical grade. Copper(u) acetylacetonate or Cu(acac),
(97%) was purchased from the Aladdin. Deionized water was
used in all synthesis process.

2.2 Preparation of Cu-ZSM-5/PSSFs catalyst

Details of the synthetic procedure of paper-like sintered
stainless steel fibers (PSSFs) and ZSM-5 membrane/PSSFs were
reported in our previous paper.** The schematic diagram of
Cu-ZSM-5/PSSFs catalysts synthetic strategy is shown in Fig. 1.
In this study, the ZSM-5 membrane support with a Si/Al ratio
of 80 was synthesized by the secondary growth method. Cu
active component was deposited on the ZSM-5 membrane by
means of CVD. ZSM-5/PSSFs, Cu-ZSM-5/PSSFs (a%) and CuO/
PSSFs catalysts were prepared in this work. The a%
mentioned above are the theoretical mass ratio of Cu in the
catalyst. Copper(n) acetylacetonate or Cu(acac), was used as
the precursor material without further purification for the
deposition of copper on ZSM-5 membrane or PSSFs. Target
substrate was dried at 100 °C for 12 h before the deposition
experiment. Firstly, the mixtures of precursor and support was
degassed thrice under vacuum condition at room temperature
with nitrogen exchange to create a high purity nitrogen
atmosphere in the CVD reactor. Then the reactor treated at
a evaporation temperature of 180 °C for 30 min. After the solid
precursor sublimes and forms Cu(acac), vapor in the reactor,
the deposition temperature of 350 °C was attained quickly and
kept for 120 min to let precursor vapor decompose fully so that
the active metal element Cu was deposited onto the support.
The deposition experiment was carry out under an atmo-
spheric pressure with nitrogen atmosphere. Moreover, the
pressure of the CVD reactor was kept around 0.10-0.12 Mpa. At
last, in order to oxidize the deposited Cu into CuO, the
samples were calcined in air with a heating rate of 1 °C min™*
until 550 °C in a muffle furnace for 6 h.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic diagram of the Cu-ZSM-5/PSSFs synthetic strategy.

2.3 Characterization of Cu-ZSM-5/PSSFs catalyst

The crystallinity and structure of Cu-ZSM-5/PSSFs catalyst and
copper status on ZSM-5 membrane were studied by X-ray
diffraction (XRD) techniques on a PANalytical X' Pert Pro X-ray
diffractometer using Cu Ko radiation (40 kv, 40 mA) with 26
range from 5° to 60°. X-ray photo-electron spectroscopy (XPS)
spectra were recorded on a Kratos Axis Ultra (DLD) instrument
and using an aluminium Ko radiation source operated at 15 kV
and 10 mA. The binding energy (B.E.) of C 1s peak at 284.6 eV
was taken as a reference. The textural and morphological
information of the samples were characterized using field
emission scanning electronic microscopy (FE-SEM) on a Zeiss
Merlin FE-SEM. Before analysis, all of the samples were coated
with an ultrathin film of platinum to make them conductive.
The energy dispersive spectroscopy (EDS) and element mapping
were applied to analyze the dispersion of Fe in the catalyst
samples. N, adsorption-desorption isotherms at 77 K were
measured on an ASAP 2020 (Micromeritics Instrument Co.,
USA). H,-Temperature programmed reduction (TPR) tests were
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ZSM-5 zeolite membrane
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conducted on Quantachrome Automated Chemisorption
Analyzer by heating the catalyst in H, (10 vol%)/Ar flow (30
mL min~') at a heating rate of 10 °C min~' from room
temperature to 700 °C. The hydrogen consumption was detec-
ted by thermo-conductivity detector (TCD).

2.4 Catalyst wet peroxide oxidation of phenol over Cu-ZSM-
5/PSSFs catalyst

CWPO of phenol was performed in a fixed bed reactor made of
a stainless steel tube (20 mm i.d., 100 mm length) under
atmospheric pressure. As shown in Fig. 2, the catalysts were
fixed in the reactor between two layers of spherical inert glass
particles (d = 2-3 mm) to improve the distribution of the inlet
fluid. The aqueous solution in the feed tank including 1 g ™" of
phenol and 5.1 g L™ of H,0, was fed to the up-flow mode
reactor by a peristaltic pump (stoichiometric amount for the
total phenol oxidation according to reaction 1). The tempera-
ture in the fixed bed reactor was controlled by water bath heat.

Fixed bedreactor <

Cu-ZSM-5/ PSSFs catalysts €

Flowmeter

Pump
Phenol

268

s

Thermal bath

4
H,0, a

Fig. 2 Flowchart of the experiment set-up.
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C6H50H + 14H202 - 6C02 + 17H20 (1)

H,0, and TOC conversions were measured by the method
mentioned in our previous paper.” The phenol and other
organics in treated fluid were analyzed by HPLC (Agilent 1100)
equipped with a UV detector adjusted at 210 nm and an Agilent
HC-C18(2) column (5 pm X 250 mm X 4.6 mm) of which the
mobile phase is 1 mL min~" of methanol solution (MeOH : H,O
=30 : 70 vol%).

3 Results and discussion
3.1 Characterization

3.1.1 XRD patterns. The XRD measurements of samples
were carried out to study the crystallographic structures of the
ZSM-5 membrane support and the components of Cu loadings.
The XRD patterns of the ZSM-5 membrane, Cu-ZSM-5/PSSFs
catalysts with various CuO loadings and the CuO/PSSF (6%)
catalyst are shown in Fig. 3. It is seen that the typical peaks of
the standard ZSM-5 zeolite in all Cu-ZSM-5/PSSF catalysts and
the zeolite membrane were observed at 26 = 7-9° and 260 = 23—
25°.% Therefore, organized pore structure of the ZSM-5
membrane support is always maintained after the CVD process.

For all the Cu loaded catalysts, the diffraction peaks attributed
to crystalline CuO phase were detected at 26 = 35.5° and 26 = 38.7°
which are assigned to (111) and (111) reflections of the CuO crystals
(JCPDS no. 80-1268), respectively.***” The two clear CuO diffraction
peaks in Cu-ZSM-5/PSSFs catalysts and the Cu-ZSM-5/PSSFs cata-
lysts suggests that the copper loaded by CVD on the ZSM-5
membrane and the PSSF support both existed as CuO crystallites.

For Cu-ZSM-5/PSSFs catalysts, the intensities of the ZSM-5
diffraction peaks decreased slightly with increasing theoretical
Cu loading from 2 wt% to 6 wt%. This result can be explained by
the CuO formation in the pores or the formation of CuO on the
ZSM-5 membrane surface.

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
2 Theta (°)

Fig. 3 XRD patterns of the samples: (a) ZSM-5/PSSFs, (b) Cu-ZSM-5/
PSSFs (2%), (c) Cu-ZSM-5/PSSFs (4%), (d) Cu-ZSM-5/PSSFs (6%) and (e)
CuO/PSSFs.
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The average crystal sizes of CuO, calculated from the
Scherrer equation after Warren's correction for instrument are
shown in Table 2. The CuO crystal size of Cu-ZSM-5/PSSFs (6%)
was about 14.08 nm, which was smaller compared with that of
the CuO/PSSFs (about 17.21 nm). Due to the similar theoretical
Cu loading for these two catalysts, this result indicates that the
crystal size of CuO deposited on the support by CVD process can
be affected by the surface property of the support.

3.1.2 XPS analysis. The XPS analysis was carried out to
study the surface composition of Cu-ZSM-5/PSSFs catalysts with
different ratio of Cu and obtain detailed information on the
chemical states of ions. As presented in Fig. 4(a), the binding
energy of 933.4 and 953.3 eV of all the samples is ascribed to Cu
2ps.» and Cu 2p4, of the Cu core peaks, which are closer to the
positions of CuO (Cu") rather than Cu®.*** The formation of
CuO can be further confirmed by the shakeup satellite peaks
around 941.9 and 961.6 eV due to the satellite effect.*

. Cu2p 1/2 933.4ev fA.Cu2p3/2
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Fig.4 (A) Cu 2p XPS spectra for catalysts: (a) Cu-ZSM-5/PSSFs (2%), (b)
Cu-ZSM-5/PSSFs (4%), (c) Cu-ZSM-5/PSSFs (6%); (B) O 1s XPS spectra
for catalysts: (a) Cu-ZSM-5/PSSFs (2%), (b) Cu-ZSM-5/PSSFs (4%), (c)
Cu-ZSM-5/PSSFs (6%).

This journal is © The Royal Society of Chemistry 2017
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Fig.5 SEMimages of ZSM-5/PSSFs and Cu-ZSM-5/PSSFs catalysts: (a) ZSM-5 zeolite membrane support, (b) Cu-ZSM-5/PSSFs (2%), (c) Cu-ZSM-
5/PSSFs (4%), (d) Cu-ZSM-5/PSSFs (6%), (e) cross-sectional SEM image of Cu-ZSM-5/PSSFs (6%), (f) cross-sectional SEM image of ZSM-5/PSSFs.

The XPS results of O 1s of Cu-ZSM-5/PSSFs catalysts were
displayed in Fig. 4(b), asymmetric two-band structures were
observed for all the catalyst samples. The O 1s peak at 532.4 eV
observed on all the samples could be assigned to surface
adsorbed oxygen.** The O 1s peak at 530.6 eV observed on the
Cu-ZSM-5/PSSFs catalysts was assigned to oxygen in CuO.*"** In
conclusion, the XPS results match well with XRD characteriza-
tion that CuO was formed onto the support.

3.1.3 SEM. To further confirm the formation of CuO and
the morphology of samples, SEM analysis were employed.
Fig. 5(a and f) are the SEM images of a zone of ZSM-5/PSSFs
support, showing that the continuous ZSM-5 membrane
(about 4 pm) with a good crystal form successfully covered the
surface of stainless steel fiber.

This journal is © The Royal Society of Chemistry 2017

Microstructure of the Cu-ZSM-5/PSSFs (2%), Cu-ZSM-5/
PSSFs (4%) and Cu-ZSM-5/PSSFs (6%) are shown in Fig. 5(b-
d), the surface morphological of CuO with randomly oriented
sub-micro sized grains varied widely according to the ratio of
copper. The CuO grains formed on the ZSM-5 membrane
ranged in shape from the needle-shape for a low copper loading
(2 wt%) to the spherical-shape for a high copper loading. When
the loading of copper increased to 6 wt%, the dense and
uniform CuO film formed on the ZSM-5 membrane, which
could be the main reason for the decrease of the intensities of
ZSM-5 diffraction peaks detected by XRD.

The surface morphological images of CuO supported directly
on PSSFs with the theoretical Cu loading of 6 wt% are shown in
Fig. 6(c and d). Fig. 6(c) exposes the irregularly arranged sub-

RSC Adv., 2017, 7, 47435-47447 | 47439
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Fig.6 SEMimages of the PSSFs support and CuO/PSSFs: (a) PSSFs support, (b) cross-sectional SEM image of the PSSFs, (c) CuO/PSSFs, (d) cross-

sectional SEM image of CuO/PSSFs.

microsized flake - like structure of CuO on the PSSFs support.
Compared with the CuO film of the CuO/PSSFs, the CuO
deposited on ZSM-5 membrane tended to be more regular.

3.1.4 EDS. The EDS elemental analysis results of ZSM-5
zeolite membrane, Cu-ZSM-5/PSSFs catalysts and CuO/PSSFs
catalyst are gathered in Table 3. To interpret the distribution
information of the elements on the surface of catalysts, the EDS
elemental mapping images are depicted in Fig. 7. Fig. 7(a) and
Table 1 indicate that the continuous ZSM-5 membrane con-
sisted of Si, Al and O elements was formed on paper-like
stainless steel fibers with a three-dimension network structure.

For the Cu-ZSM-5/PSSFs catalysts, the ratio of Cu loaded on
catalysts detected by EDS increased with the increase of the
theoretical Cu loading, which was much higher than the theo-
retical Cu load. Because the elemental composition examined
by EDS is the value on the surface of samples with a limited
thickness.*”” The ZSM-5 membrane with the thickness of 4 um
can cover the PSSF completely, and CuO formed by CVD is too
thin to prevent the detection of elements of Si, Al. As shown in
Fig. 7(b-d), the filiform distribution of Cu element confirms the
well dispersion of the active component on the surface of the
support.

Overall, these results indicate that the Cu content of Cu-ZSM-
5/PSSFs catalysts existed alongside the ZSM-5 membrane
surface with a well distribution.

3.1.5 N, adsorption-desorption isotherms analysis. The N,
adsorption-desorption isotherms of ZSM-5/PSSFs and Cu-ZSM-

47440 | RSC Adv., 2017, 7, 47435-47447

5/PSSFs catalysts are presented in Fig. 8 and the textural char-
acteristics are gathered in Table 2.

It can be observed that ZSM-5/PSSFs and Cu-ZSM-5/PSSFs
catalysts present isotherms type II with H3-type hysteresis
loop at a high relative pressure. The shape of the loop seems to
be unaltered after the CuO formation, indicating that the CVD
process do not result in pore structure collapse. As shown in
Fig. 8, the volume adsorbed for all isotherms increases with the
increasing relative pressure, which can be caused by the
multilayer adsorption and confirm the existence of micropores
in ZSM-5/PSSFs and Cu-ZSM-5/PSSFs catalysts.

Then, the main shifts concern the values of textural prop-
erties. Indeed, the curves are found to shift down along the y-
axis with the increase in copper loading. The surface area
decreased with the increase of Cu loading, although the Sggr of
Cu-ZSM-5/PSSFs (6%) was little lager than the value of catalysts
with Cu loading of 2 wt% and 4 wt%. Meanwhile, the pore
volume and the micropore volume had a similar shift. These
evolutions can be explained by the filling of the pores by the
CuO phase.*® Some CuO particles at size lower than the pores
size of the ZSM-5 membrane support was formed into the pores
of the support. As shown in Table 2 and Fig. 8, XRD analysis and
SEM micrographs confirm the formation of the dense and
uniform CuO film when the loading of copper increased to
6 wt%, and the average crystal size of CuO loaded on Cu-ZSM-5/
PSSFs (6%) was smaller compared with the value of Cu-ZSM-5/
PSSFs (2%) and Cu-ZSM-5/PSSFs (4%). Therefore, the surface

This journal is © The Royal Society of Chemistry 2017
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Fig.7 EDS elemental mapping images of the sample: (a) ZSM-5 zeolite membrane support, (b) Cu-ZSM-5/PSSFs (2%), (c) Cu-ZSM-5/PSSFs (4%),

(d) Cu-ZSM-5/PSSFs (6%).

area and pore volume of Cu-ZSM-5/PSSFs (6%) had a slighter
decrease than the properties of Cu-ZSM-5/PSSFs with copper
ratios of 2 wt% and 4 wt%.

The surface area and pore volume of the catalyst play a key
role during the catalytic reaction, especially in liquid phase.'®
Indeed, if the surface area of the catalyst is not enough, the
contact of the pollutant and the active site will be minimized.
The pore volume and pore size also affect the diffusion of the

Table 1 Elemental analysis data of samples

molecules in the pore, up to the active. Compared with that the
CuO/PSSFs that has a small internal surface area, the Cu-ZSM-5/
PSSFs with a porous structure and a large internal surface area
would favor the contact of the pollutant and the active site and
lead to higher reaction rates.

3.1.6 H,-TPR. TPR experiments were carried out on Cu-
ZSM-5/PSSFs, CuO/PSSFs, ZSM-5/PSSFs and PSSFs samples. As
shown in Fig. 9, no obvious reduction peaks are observed in TPR

Samples
Elements (wt%) ZSM-5/PSSFs Cu-ZSM-5/PSSFs (2%) Cu-ZSM-5/PSSFs (4%) Cu-ZSM-5/PSSF's (6%) CuO/PSSFs
Si 50.05 47.38 43.24 42.30 —
O 49.60 46.96 46.11 42.91 13.29
Al 0.35 0.33 0.41 0.36 —
Cu — 5.31 10.24 14.43 17.57
Fe — — — — 55.31
Cr — — — — 11.23
Mn — — — — 0.68
Ni — — — — 1.92

This journal is © The Royal Society of Chemistry 2017
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ZSM-5 zeolite membrane support, (b) Cu-ZSM-5/PSSFs (6%), (c) Cu-
ZSM-5/PSSFs (2%), (d) Cu-ZSM-5/PSSFs (4%).

profiles of ZSM-5 membrane support and PSSF support, indi-
cating these supports are non-reducible. In the form of films
supported on ZSM-5 membrane or PSSF, Cu oxides were
reduced by hydrogen both in one step directly to metallic Cu®
according to reaction (2). As reported in the ref. 47 that pure
CuO has the reduction peak at 330 °C. All the copper loaded
catalysts prepared by CVD have a much lower reduction
temperature than pure CuO. This can be explained by the
reduction of the highly dispersed CuO.*

With the Cu loading of Cu-ZSM-5/PSSFs increasing, the
intensities of the reduction peaks increase, and the Ty, of
the peaks have a slight shift. The reduction profile of CuO/
PSSFs catalyst shows a narrow peak with T, at 237.4 °C,
the value of which is higher than the Ty,,, of Cu-ZSM-5/PSSFs
at 221-228 °C. Because the reduction of highly dispersed CuO
is easier than the reduction of the bulk CuO that is expected to
get reduced at higher temperature.* The results above indi-
cates that the CuO deposited on ZSM-5 membrane is more
highly distributed than the CuO loaded on PSSFs, and
confirms that the distribution and size of CuO grains formed
by CVD process are mainly affected by the property of the
support.

Table 2 Physiochemical properties of the samples®
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Fig. 9 H, temperature-programmed reduction profiles observed for
(a) PSSFs, (b) ZSM-5 zeolite membrane support, (c) CuO/PSSFs, (d) Cu-
ZSM-5/PSSFs (2%), () Cu-ZSM-5/PSSFs (4%), (f) Cu-ZSM-5/PSSFs (6%).

CuO + H2 — Cu + Hzo (2)

3.2 Phenol oxidation over Cu-ZSM-5/PSSFs catalysts in
a fixed bed reactor

3.2.1 Effects of the reaction temperature. Oxidation assays
of phenol solutions (1 g L™") with 5.1 g L' H,0, in a fixed bed
reactor were performed at different temperatures (from 30 °C to
80 °C), using Cu-ZSM-5/PSSFs and CuO/PSSF catalysts respec-
tively with the feed flow rate of 2 mL min ™' and at the catalyst
bed height of 2 cm. To investigate the contribution of the
catalytic activity of supports and thermal decomposition of
H,0, to the reaction, the phenol conversion, the H,O,
consumption and the TOC removal were also carried out by the
PSSFs, ZSM-5/PSSFs respectively.

As shown in Fig. 10, the PSSFs had no obvious activity for the
CWPO of phenol with a low phenol conversion and a low TOC
removal at all temperatures. The low H,0, consumption (about
10%) of PSSFs at high reaction temperature indicates that the
thermal decomposition of H,O, under 80 °C was limited.

Fig. 10 also shows that enhancements of ZSM-5/PSSFs, Cu-
ZSM-5/PSSFs (6%) and CuO/PSSFs in the mineralization of
phenol were observed with the temperature increasing. The

Average crystallite SBET Veotal Vinicro Cu content of surface Cu content
Materials size of CuO (nm) (m*g™) (em® g™ (em® g™ (EDS) (wt%) (theoretical value) (Wt%)
PSSF 0 0.36 0.0293 — 0 0
ZSM-5/PSSFs 0 189.32 0.1287 0.0437 0 0
Cu-ZSM-5/PSSFs (2%) 16.08 135.37 0.0978 0.0351 5.31 2
Cu-ZSM-5/PSSFs (4%) 18.08 122.47 0.0953 0.0344 10.24 4
Cu-ZSM-5/PSSFs (6%) 14.08 163.49 0.0112 0.0453 14.43 6
CuO/PSSFs 17.21 0.04 0.0285 — 17.57 6

“ Average crystallite size of CuO investigated by XRD and calculated by the Scherrer equation; Sger: surface area calculated by the BET (Brunauer-

Emmett-Teller) method; Viicro: Mmicropore volume calculated from ¢plot.
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Fig. 10 Effects of temperature on the catalytic performance: (a) phenol conversion, (b) H,O, conversion, (c) TOC conversion, (d) pH, (e) Cu
leaching concentration, (f) by-products concentration with Cu-ZSM-5/PSSFs (6%), (g) by-products concentration with CuO/PSSFs (at feed flow

rate of 2 mL min~! and catalyst bed height of 2 cm).

conversion of the phenol, H,0, and TOC increased dramatically
with the reaction temperature increasing from 60 °C to 80 °C. At
70 °C, the phenol conversion of the Cu-ZSM-5/PSSFs (6%) was
up to almost 100% with TOC removal of 35.6%. In contrast,
a high TOC conversion (almost 60%) and a complete conversion
of phenol achieved with the Cu-ZSM-5/PSSFs at 80 °C. This
because more ‘OH radicals forming at higher reaction
temperature increase the degradation rate of phenol in the
CWPO reaction.'® Therefore, it is necessary to increase the
temperature to achieve higher degrees of mineralization.

The presence of ZSM-5/PSSFs without any Cu loading resul-
ted in very limited phenol conversion and TOC removal. This
result indicates that the efficiency of ZSM-5 membrane was
negligible and CuO deposited on ZSM-5 zeolite membrane were
quite active for oxidation of phenol.

As can be seen in Fig. 10(a—c), the activity of Cu-ZSM-5/PSSFs
(6%) for the oxidation of phenol was much higher than the
efficiency of CuO/PSSFs at all operation temperature. Moreover,

This journal is © The Royal Society of Chemistry 2017

the evolution of intermediates and/or by-products for the CWPO
of phenol with these two catalysts was monitored with the
temperature increasing from 30 °C to 80 °C, which is shown in
Fig. 10(f and g) respectively. The acetic acid, oxalic acid,
hydroquinone and catechol were detected in the outlet fluid
treated by the two catalysts. As shown in Fig. 10(f), with the Cu-
ZSM-5/PSSFs (6%) catalyst, the concentrations of the oxalic acid
and hydroquinone increased as the temperature climbed from
30 °C to 60 °C. When the temperature raised from 70 °C to 80 °C,
the amounts of by-products especially the oxalic acid decreased
dramatically. Meanwhile, the increase of pH value shown in
Fig. 10(d) is observed with the decrease of the concentration of
oxalic acid, indicating that the accumulation of the acid leaded
to the low pH value of the outlet flow. But the concentration of
Cu leaching increased with the increase of temperature from
50 °C to 80 °C, not according to the concentration of oxalic acid
in the treated flow. This because the leaching of Cu mainly
results from the contact of the active content of catalysts with

RSC Adv., 2017, 7, 47435-47447 | 47443
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Fig.11 Effects of the copper loading on the catalytic performance: (a) phenol conversion, (b) H,O, conversion, (c) TOC conversion, (d) pH, (e) Cu
leaching concentration (at the temperature of 80 °C, feed flow rate of 2 mL min~t and catalyst bed height of 2 cm).

acids produced in the process of the oxidation of phenol. The
high reaction temperature can contribute to high total amounts
of acids in the stage that the aromatic intermediates are con-
verted into low-molecular-weight organic acids. The acids
forming in this stage resulted in the Cu leaching and then
would be removed quickly by the further oxidation in the fixed

47444 | RSC Adv., 2017, 7, 47435-47447

bed, however the complete removal of the oxalic acid was
difficult under 80 °C.

In contrast, the CuO/PSSFs sees a slight shift in the
concentration of by-products with the temperature increasing
from 70 °C to 80 °C. The amount of Cu leaching also was lower
compared the value of Cu-ZSM-5/PSSFs (6%) because of the

This journal is © The Royal Society of Chemistry 2017
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Table 3 HPLC data for identified by-products

Retention time

Intermediate number (min) Chemical structure
D1 2.147 T
o
HO. o
D2 2.488 :i
HO o
OH
B1 5.689 <j
OH
OH
OH
B2 7.490

lower concentration of the acid intermediates produced by the
conversion of phenol and aromatic intermediates with CuO/
PSSFs. Overall, these results match well with the characteriza-
tion results that the ZSM-5 membrane with the uniform pore
structure is the better support than the PSSFs for the copper
content loading.

3.2.2 Effects of the total deposited copper amount. The
catalytic oxidation of phenol solution was performed in a fixed
bed reactor over different total deposited copper amount (2%,
4%, 6%) with the temperature of 80 °C, the feed flow rate of 2
mL min~" and at the catalyst bed height of 2 cm. The conver-
sions of phenol, H,0,, TOC and the Cu leaching concentration
in the treated solution were monitored continually up to 7 h.
Fig. 11 shows that the measured efficiencies for the CWPO of
phenol with Cu-ZSM-5/PSSFs catalysts were enhanced with the
theoretical loading of Cu increasing from 2 wt% to 6 wt%. The
performance of Cu-ZSM-5/PSSFs (6%) was much better than the
catalysts with the Cu loading of 2% and 4%. A high phenol
removal (>95%) was maintained with Cu-ZSM-5/PSSFs (6%) in
a continuous run of 7 h. In contrast, a gradual decrease of
phenol conversion with the time was observed in the catalysts
with the Cu loading of 2% and 4%. The phenol conversion of
Cu-ZSM-5/PSSFs (2%) and Cu-ZSM-5/PSSFs (4%) after 7 h
successive operation were only 67% and 72% respectively.
These values matched well with the characteristic results that
the Cu-ZSM-5/PSSFs (6%) has more active surface areas than the
catalysts with Cu loading of 2% and 4%. In our previous study,
a Cu-ZSM-5 membrane catalyst with Cu loading of 25 wt%
prepared by incipient wetness impregnation (IM) was applied in
the CWPO of phenol with similar reaction condition of this
work. Phenol conversion of 100% and TOC conversion about

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Reaction mechanism of phenol wet oxidation by hydrogen
peroxide over Cu-ZSM-5/PSSFs (6%) catalysts in a fixed bed.

65% were obtained, and a high Cu leaching of above 200 ppm
was detected with this catalyst.” It is evident that the Cu-ZSM-5/
PSSFs (6%) prepared by CVD can achieve similar efficiency with
much lower Cu loading than the Cu-ZSM-5 membrane catalyst
(Cu ratio: 25 wt%) prepared by IM. In addition, the level of Cu
leaching with Cu-ZSM-5/PSSFs (6%) (0-140 ppm) was much
lower than the value of the catalyst prepared by IM. This means
that the catalyst prepared by CVD has better capacity and
stability for CWPO of phenol with a lower loading of active
metal.

As shown in Fig. 11(b), the consumption of H,0, of all the
Cu-ZSM-5/PSSFs catalysts decreased obviously with time. A
similar trend can be seen in the TOC conversion. Meanwhile,
the gap between the conversions of TOC and H,0, narrowed
with the time. This phenomenon attributed to the decline of the
Cu leaching concentration with time. It has been reported that

RSC Adv., 2017, 7, 47435-47447 | 47445
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continuous leaching would result gradually in heterogeneous
catalyst deactivation and dissolved metal ions would result in
a homogeneous/heterogeneous coupled reaction system rather
than an absolute heterogeneous reaction system.?” At beginning
of the run, the conversion of H,O, is much higher than the TOC
conversion. Due to the formation of a larger amount of low-
molecular-weight organic acid in the oxidation process, the
concentration of Cu leaching was much higher during initial 3
hours. The existence of Cu** can promote the conversion of
H,0, at high temperatures and in a wide-working pH range (pH
3-7).%* Due the continues removal of Cu®>" in the fixed bed
reactor, the homogeneous reaction is limited in this system.
Fig. 10 showed that the TOC removal of 45% was achieved with
Cu-ZSM-5/PSSFs (6%) when the Cu leaching was down to 7 ppm.
With the amount of Cu leaching rising nearly 20 times, the TOC
conversion only had a slight increase. That means the homo-
geneous reaction of Cu®** in our designed CWPO system was
negligible.

3.2.3 Reaction mechanism. To investigate the reaction
mechanism of the CWPO of phenol with Cu-ZSM-5/PSSFs (6%),
the experiments was carried out in a fixed bed reactor at catalyst
bed height of 2 cm, feed flow rate of 2 mL min~" and temper-
ature of 80 °C. The inlet fluid consisted of 1 ¢ L™ of phenol and
5.1 g L™" of H,0,. HPLC (Agilent 1100) equipped with a UV
detector was adjusted at 210 nm and an Agilent HC-C18(2)
column (5 pm x 250 mm x 4.6 mm) of which the mobile
phase was 1 mL min~! of methanol solution (MeOH : H,0 =
30:70 vol%). HPLC analysis of the treated water from the
CWPO process showed the formation of several intermediate
products. As reported in Table 3, acetic acid, oxalic acid,
hydroquinone and catechol were the identified by-products in
the outlet fluid. Based on the identified products and previous
studies of the degradation of phenol,****> a possible phenol
degradation pathway is displayed in Fig. 12. As the "OH radicals
are generated by the interaction between the hydrogen peroxide
molecule and the CuO active site, the phenol is attacked by ‘OH
radicals and firstly converted to hydroquinone (B1) and catechol
(B2) through para and ortho substitutions. Due to nonelection
of "OH radicals,* they can directly oxidize intermediates B1, B2
to p-benzoquinone (C1) and 1,2-benzoquinone (C2). Then C1,
C2 underwent ring broken down to generate some short-chain
organic acids including oxalic acid (D1) and acetic acid (D2).
Finally, the mineralization of these organic chains during
reaction leads to CO, and H,O formation. Some of the inter-
mediates, mainly the short-chain organic acids such as oxalic
acid, are however refractory to the oxidation. This can explain
why residual TOC remains after almost complete removal of
phenol. Moreover, one of the most interesting options was to
use CWPO as a pre-treatment prior to biological treatment, for
simple organic acid that are highly biodegradable.>* For this
reason, the results obtained in the present work, with phenol
degradation beyond 95% and TOC removal beyond 50%
suggests that further work with CuO supported on ZSM-5 zeolite
membrane as catalysts for pre-treatments like CWPO of phenol
would be extremely valuable. On the other hand, the generation
of these acids has been reported to the main reason for this
limited stability copper-based systems.*® Therefore, we will also
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focus on how to separate out these acids from the catalytic
system during the CWPO process in order to reduce the leach-
ing of Cu.

4 Conclusions

The CuO deposited on ZSM-5 zeolite membrane by CVD is
a promising catalyst for the CWPO of phenolic wastewaters in
an up-flow fixed bed reactor. The CuO grains formed on the
ZSM-5 membrane ranged in shape from the needle-shape for
a low copper loading (2 wt%) to the spherical-shape for a high
copper loading. When the loading of copper increased to 6 wt%,
the dense and uniform CuO film can be formed on the ZSM-5
membrane without pore structure collapse. Compared with
the CuO deposited directly onto PSSFs, the CuO supported on
ZSM-5/PSSFs tended to be more regular with smaller crystal size
and show higher efficiency for the CWPO of phenol. The effi-
ciency of the catalyst was improved by the increase of copper
loading (from 2 wt% to 6 wt%). A complete reduction of phenol
and a high TOC removal around 60% had been achieved over
the Cu-ZSM-5/PSSFs (6%) at the temperature of 80 °C, feed flow
rate of 2 mL min~ ' and catalyst bed height of 2 cm. In the
CWPO of phenol (1000 ppm phenol and 5.1 g " H,0,) over Cu-
ZSM-5/PSSFs (6%), hydroquinone and catechol were produced
first and then lower organic acid (mainly acetic acid and oxalic
acid) accumulated and were ultimately mineralized to CO, and
H,O0.
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