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over Ru–Cu/Al2O3 catalyst at mild conditions†

Lihong Hu,a Xianrong Liu,a Qiangxin Wangc and Yanling Zhou *ab

Ru–M/Al2O3 (M¼ Cu, Fe, Co, Ni, Mn, Zn, Ag, La and Ce) catalysts were prepared using the co-impregnation

method and assessed for catalytic wet oxidation of highly concentrated phenol under mild conditions. The

results showed that the Ru–5Cu/Al2O3 (the loading of Cu was 5 wt%) catalyst, especially, had the highest

catalytic activity in degradation of phenol with chemical oxygen demand (COD) removal achieved at

95.8% after a 2 h reaction at 130 �C, 0.8 MPa oxygen pressure and an initial COD concentration of

23 000 mg L�1 (the concentration of phenol was about 10 g L�1). In order to confirm the structure and

properties of Ru-based catalysts, the samples were characterized by BET, TG-DSC, XRD, XPS, TPR and

TEM techniques. In addition, the influence of different parameters on phenol degradation efficiency was

examined and the reaction kinetics were investigated. Hence, the Ru–5Cu/Al2O3 catalyst showing the

highest activity might be owing to a synergetic effect between the Ru and Cu species and good

dispersion of Ru. The main cause of Ru–5Cu/Al2O3 deactivation was the coke deposit covered active

sites, but it was easily regenerated by calcination.
1. Introduction

Nowadays, the increasing growth of the population and indus-
trial developments cause serious water pollution with various
organic compounds. Industrial organic pollutants are not
allowed to be directly discharged and must pass emission
standards. Phenols act as an important precursor for produc-
tion of chemicals and closely correlate with industrial applica-
tions. Phenol biodegrades slowly in the environment and is
extremely toxic, teratogenic and refractory in nature, especially
for highly concentrated phenol.1 A number of technologies,
including electrocatalysis,2 photocatalytic degradation,3,4

microwave and ultrasound methods,5 catalytic ozonation,6,7 and
catalytic wet oxidation (CWO)1,8–10 have been developed for
elimination of phenol. The methods of photocatalysis, ozona-
tion and electrocatalysis are only suitable to eliminate waste-
water with low-loaded organic compounds.11

Catalytic wet oxidation exhibits advantages for treatment of
organic compounds and has gained much attention due to its
high degradation efficiency.12 The addition of a suitable catalyst
to the wet air oxidation system can not only decrease the
operation conditions but also accelerate the reaction rate and
ineering, Guangxi University, Nanning,
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shorten the reaction time. However, homogenous catalysis has
disadvantages, it is difficult to recover the catalysts, which
results in secondary pollution. The key issue of the CWO
process is the availability of an effective catalyst that can work
under mild conditions. A diversity of solid catalysts, such as
transition metals,10,13–15 noble metals,16–18 and carbon mate-
rials,19,20 have been applied to degradation of phenol aqueous
solutions. The supported Ru catalyst presented excellent cata-
lytic performance and stability in elimination of phenol
pollutants.18,21–23 The single noble metallic Ru catalyst has high
cost, and it is necessary to add a secondary metal to the Ru
catalyst. Actually, transition metals have been used as
promoters to enhance the catalytic performance of precious
metal catalysts.24,25 Therefore, it can be expected that the
combination of noble and suitable transition metals would
adjust the reactivity of the surface oxygen and improve metal
dispersion, thus giving rise to much better catalytic activity for
elimination of the organic contaminants while signicantly
reducing the amount of noble metals in catalysts. In previous
literature, most catalysts are either single noble,26,27 transi-
tion,28,29 bi-noble,30,31 or bi-transition metals,1,15,32 while noble-
transition metals were rarely used together for CWO of
organic compounds.

The aim of this study was to explore a high activity and
stability catalyst with low Ru loading for degradation of high-
loaded phenol under relatively mild conditions. The Ru-based
catalyst was modied by addition of different transition
metals (Cu, Fe, Co, Ni, etc.), where Cu was the best prospective
additive species. We obtained a highly efficient Ru–5Cu/Al2O3

catalyst with much lower Ru loading for mineralization of
RSC Adv., 2017, 7, 21507–21517 | 21507
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phenol. According to our knowledge, such bimetallic Ru–Cu
catalysts for catalytic degradation of organic pollutants have not
been reported yet in the literature. The Ru-based catalysts were
thoroughly characterized using N2 adsorption/desorption, TG/
DSC, XRD, XPS, H2-TPR and TEM techniques. The inuences
of oxygen pressure and temperature on the COD removal of
phenol were examined. Finally, the investigation of the reaction
kinetics and life span of the Ru–5Cu/Al2O3 catalyst was
conducted.
2. Experimental
2.1. Catalysts preparation

Ru catalysts on various supports were prepared by the impreg-
nation method using an aqueous solution of RuCl3 as
a precursor. Al2O3, SiO2, ZrO2, MgO, TiO2, Al2O3–TiO2-1 (the
mass ratio of Al2O3 to TiO2 ¼ 1 : 1, denoted as Al–Ti-1) and
Al2O3–TiO2-2 (the mass ratio of Al2O3 to TiO2 ¼ 7 : 3, denoted as
Al–Ti-2) were treated as supports. The mixture was le stirring
for 2 h and then the suspension was sonicated for 1.5 h at
ambient temperature. Aer impregnation for 12 h, all the
catalysts were dried at 100 �C overnight. In the next step, the
samples were introduced into a tubular quartz reactor and
reduced under owing pure hydrogen at 400 �C for 4 h. Cu/
Al2O3 (Cu ¼ 5 wt%) was also prepared by the impregnation
method. The loading amount of Ru was 1 wt% for all catalysts.
Ru–M/Al2O3 (M ¼ Cu, Fe, Co, Ni, Mn, Zn, Ag, La and Ce) cata-
lysts were prepared by the co-impregnation method with
a mixed aqueous solution of metal precursors. The Cu/Al2O3

and bimetallic catalysts were prepared through a procedure
similar to the above. The secondary metal precursors were
Cu(NO3)2$3H2O, Fe(NO3)3$9H2O, Co(NO3)2$6H2O, Ni(NO3)2-
$6H2O, 50% Mn(NO3)2 aqueous solution, Zn(NO3)2$6H2O,
AgNO3, La(NO3)2, and Ce(NO3)2$6H2O.
2.2. Catalytic tests

The experiments were carried out in a 100 mL autoclave
equipped with a magnetically driven stirrer. In a typical run, the
reactor was loaded with 30 mL of phenol aqueous solution
(initial COD, 23 000 mg L�1, and a concentration of phenol of
about 10 g L�1) and 0.3 g of catalyst. When the mixture was
heated to the desired temperature under stirring, a certain
amount of pure oxygen gas was admitted into the reactor. This
time was taken as zero time. Aer a period of reaction time, the
reactor was cooled down to room temperature immediately and
the liquid phase products were separated from the catalyst by
centrifugation. The COD concentration of the reaction mixture
was analyzed by a spectrophotometric method using a 5B-3B
COD analyzer. The COD concentration was chosen as the
mineralization index to characterize the phenol degradation.

The method of catalyst reuse was as follows: the reactions
were carried out simultaneously in the same autoclave under
the same conditions. The used catalyst was collected by ltra-
tion, washed with ethanol and distilled water or further calci-
nated at 500 �C for 4 h. The loss of catalyst during the recovery
process was neglected in the next run. The amount of leaching
21508 | RSC Adv., 2017, 7, 21507–21517
of the metal into the reaction solution was detected by
inductively-coupled plasma optical emission spectrometry (ICP-
OES).
2.3. Analysis techniques

The surface area of the samples was measured using the BET
method with a Micromeritics ASAP 2020 N2 adsorption/
desorption instrument. The samples were heated at 150 �C for
4 h under vacuum and measured using nitrogen adsorption at
�196 �C. In order to measure the amount of coke deposition on
the spent catalyst, thermogravimetric analysis of the samples
was conducted with a NETZSCH STA449F3 thermogravimetric
differential scanning calorimetry (TG-DSC) simultaneous
thermal analyzer. The temperature was increased from room
temperature to 1000 �C under owing air with a heating rate of
10 �C min�1. The X-ray diffraction (XRD) pattern was recorded
using a PANnalytical X’pert PRO diffractometer using Cu Ka
(l ¼ 1.54 Å, 50 kV, 60 mA) radiation as the X-ray source. The
scanning range was 2q ¼ 10–90� with a step size of 0.02�. The X-
ray photoelectron spectroscopy (XPS) data of the catalysts were
obtained using a ThermoFisher Scientic ESCALAB 250Xi
spectrometer. The sample was analyzed at 5� 10�10 mbar using
C 1s (284.6 eV) as a reference for the binding energies. Trans-
mission electron microscopy (TEM) analysis of samples was
carried out using a FEI TECNAI G2 TF20 instrument. Before
testing, the samples were dispersed by a sonicator in ethanol,
followed by laying the suspension onto Cu grids. The reduc-
ibility of the catalysts was determined by hydrogen temperature
programmed reduction (H2-TPR) using a Builder PCA-1200
instrument of chemical adsorption analysis with a thermal
conductivity detector (TCD). The weight of sample in a typical
experiment was about 100 mg. H2-TPR experiments were per-
formed in a U-shape quartz reactor, heated in pure Ar at 300 �C
for 30 min with a heating rate of 10 �C min�1 and then cooled
down to room temperature under Ar. Aer pretreatment, the
H2-TPR experiments were carried out by passing a 5% H2/Ar (30
mL min�1) stream through the catalyst. The temperature was
increased from 30 �C to 500 �C at a linearly programmed rate of
10 �C min�1. The leaching of metal ions was measured by ICP-
OES using Agilent 725-ES equipment.
3. Results and discussion
3.1. Catalyst optimization for degradation of phenol

Firstly, the effect of supports for Ru catalysts without additives
was investigated in degradation of phenol. In the experiments,
the operating conditions were as follows: a temperature of
130 �C and an oxygen pressure of 1.6 MPa. The reaction time
was set to 2 h. Fig. 1 shows the inuence of supports on the COD
removal from phenol. The Ru/Al2O3 catalyst showed the highest
catalytic activity with 69.3% COD conversion, which might be
due to its largest surface area of 215 m2 g�1. The Ru/Al–Ti-2 and
Ru/Al–Ti-1 catalysts exhibited similar COD conversion, which
was lower than that of Ru/Al2O3. The activities of the Ru/ZrO2

and Ru/TiO2 catalysts were very low and the COD removals were
only 11.4% and 9.0%, respectively. In previous studies, the
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Degradation of phenol over Ru catalysts with various supports
(130 �C, 1.6 MPa, 2 h).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
6:

09
:4

0 
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
supports played important roles in the catalytic activity of
catalysts.33,34 The properties of different supports, such as the
surface area, types and shape of the pores, degrees of porosity,
diameter of the pores, and the acidity had to be considered.
Considering the degradation efficiency, Al2O3 was selected as
the support in the following study.

In the next study, the Ru/Al2O3 catalyst was modied by
further loading of secondary metals. The loading amount of the
secondary metal was 5 wt% as the weight of Al2O3. The modi-
cation of supported Ru catalysts with secondary metals is oen
effective in degradation of organic compounds.22,35,36 The
performance of Ru–M/Al2O3 catalysts is shown in Fig. 2. The
Ru–Cu/Al2O3 catalyst exhibited the highest performance
compared to Ru/Al2O3 and other bimetallic Ru-based catalysts.
None of the metal-modied Ru-based catalysts showed better
catalytic activity except for the Ru–Cu/Al2O3 catalyst. The
removal of COD was increased from 69.3% to 95.6% by addition
of 5 wt% Cu species to the Ru–based catalyst. The addition of
a rst-row transition metal, Ag or a rare-earth metal did not
Fig. 2 Degradation of phenol over Ru–M/Al2O3 catalysts (130 �C,
1.6 MPa, 2 h).

This journal is © The Royal Society of Chemistry 2017
enhance activity, but suppressed the performance of Ru cata-
lysts. The degradation efficiencies of the Ru–Fe/Al2O3 and Ru–
Ag/Al2O3 catalysts were very low with 26.6% and 21.2% COD
removal, respectively. The kind of additive played an important
role in the catalytic activity of Ru catalysts. Only adding a suit-
able promoter could improve the performance of the Ru-based
catalyst.

The effect of Cu loading amount on the catalytic perfor-
mance of bimetallic Ru–Cu catalysts was investigated (Fig. 3).
The activity of the bimetallic Ru–Cu/Al2O3 catalysts was obvi-
ously higher than that of the monometallic Ru/Al2O3 catalyst.
When the Cu loading amount increased from 1 wt% to 5 wt%,
the removal efficiency was gradually improved and achieved
95.6% COD removal, however, the degradation efficiency was
slightly increased by further increasing the Cu loading. The
excessive amounts of Cu additives might cover the active sites or
gather into large particles, resulting in a small increase of the
activity. It was conrmed that the monometallic Cu/Al2O3

catalyst had low activity with only 19.0% COD removal.
Considering the activity and economy, Ru–5Cu/Al2O3 was
selected for this study.
3.2. Catalysts characterization

3.2.1. N2 adsorption/desorption. The N2 adsorption/
desorption isotherms of Al2O3, Ru/Al2O3 and Ru–5Cu/Al2O3

(Fig. S1†) showed typical mesoporous materials as dened by
IUPAC. The three samples exhibited typical type IV isotherms
with a sharp inection at the relative pressure 0.8. Also, Al2O3

had narrow pore size distribution and uniform pore size. Al2O3,
Ru/Al2O3 and Ru–5Cu/Al2O3 displayed similar adsorption
isotherms (Fig. S1†) and pore size distribution (Fig. S2†).

Table 1 lists the texture parameters of the carrier and Ru-
based catalysts. The Al2O3 support had a specic surface area
of 189.8 m2 g�1 and a total pore volume of 0.45 cm3 g�1. The Ru-
based catalysts showed that the pore volume and pore size were
lower than those of the Al2O3 support. The pore volume and
surface area dropped with the increase in the Cu loading for the
Fig. 3 Degradation of highly concentrated phenol over Ru, using
a Ru–mCu (where m was the mass percentage content) and Cu
catalyst (130 �C, 1.6 MPa, 2 h).

RSC Adv., 2017, 7, 21507–21517 | 21509
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Table 1 Pore structure parameters of the support and catalysts

Sample
Surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Pore size
(nm)

Al2O3 189.8 0.45 9.4
Ru/Al2O3 215.0 0.43 8.1
Ru–1Cu/Al2O3 206.7 0.41 8.0
Ru–3Cu/Al2O3 203.5 0.41 8.1
Ru–5Cu/Al2O3 190.1 0.36 7.5
Used Ru–5Cu/Al2O3 197.6 0.20 4.0
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Ru-based catalysts. However, the catalysts had larger surface
area than Al2O3. This indicated that the metal particles did not
block pores but attached to the support and pore surfaces. The
used Ru–5Cu/Al2O3 catalyst exhibited lower pore volume and
pore size compared with fresh Ru–5Cu/Al2O3. It was reasonable
that the loss of the pore volume and pore size of the used Ru–
5Cu/Al2O3 was probably attributed to the deposition of the
carbonaceous materials on the pore surface.

3.2.2. TG/DSC. Carbon deposition on the used Ru–5Cu/
Al2O3 catalyst was investigated by TG/DSC. Fig. 4 displayed the
result of TG/DSC analysis of the fresh and used Ru–5Cu/Al2O3

catalysts. Both of the catalysts exhibited a slight weight loss
before 140 �C due to desorption of adsorbed water.31 In the
temperature range from 140 �C to 240 �C, the fresh catalyst
showed a weight loss of 1.0% owing to the breaking down of
certain compounds, while there was a loss of 2.5% in the used
catalyst by decomposition of the lowmolecular weight organics.
As the temperature raised continuously from 240 �C to 430 �C,
a rapid weight loss appeared due to the combustion of the
carbon deposit,31,37,38 whereas the fresh catalyst had nearly no
weight loss. There were two exothermic peaks on the DSC curve
of the spent catalyst, it could be proposed that there were two
types of coke on Ru–5Cu/Al2O3.38 Based on Fig. 4, the amount of
coke deposition was calculated as 24.5% on the used Ru–5Cu/
Al2O3 catalyst. According to the results, the coke deposition was
very serious, which was the primary cause of catalyst deactiva-
tion. We could infer that the coke deposition could possibly be
Fig. 4 TG/DSC curves of fresh and used Ru–5Cu/Al2O3.

21510 | RSC Adv., 2017, 7, 21507–21517
located on the Ru and Cu species sites and inhibit the catalytic
activity of the Ru–5Cu/Al2O3 catalyst.

3.2.3. XRD analysis. The crystal structures of the support,
Cu/Al2O3 and Ru-based catalysts were characterized by XRD
(Fig. 5). The observed peaks at 37.4�, 39.2�, 45.8�, 60.6� and
66.8� corresponded to g-Al2O3 (JCPDS 50-0741). Besides the
diffraction peaks of g-Al2O3, no discernible reection of the Ru
species was detected in the Ru-based catalysts due to low Ru
loading and high dispersion of Ru.30,37 For the Cu/Al2O3 and Ru–
5Cu/Al2O3, the XRD pattern was similar to that of the carrier
except for the peaks of Cu2O located at 42.2� and 61.4� (JCPDS
02-1067). In the case of the used Ru–5Cu/Al2O3, there appeared
peaks at 22.7�, 46.5�, 51.2� and 51.7� corresponding to C2CuO4

(JCPDS 46-0856). It was illustrated that the Cu species easily
reacted with the organics to form certain new phases during
oxidation reaction.

3.2.4. XPS results. In order to obtain the surface properties
of the catalysts and the interaction between Ru and Cu, XPS
analysis was carried out to identify the chemical status of Ru
and Cu. Fig. 6 shows the high resolution XPS spectra of the Ru
3p on the Ru/Al2O3 and Ru–5Cu/Al2O3 surfaces before and aer
reaction. The binding energy of Ru 3p in the Ru/Al2O3 catalyst
was observed at 463.3 eV (Fig. 6a) while that in the Ru–5Cu/
Al2O3 catalyst was shied to 462.8 eV (Fig. 6b). The shi in the
binding energy when comparing the Ru/Al2O3 and the Ru–5Cu/
Al2O3 provided evidence of strong interaction between the Ru
and Cu species and some electrons might be transferred from
Cu to Ru in the Ru–5Cu/Al2O3 catalyst.39 The Ru 3p3/2 peak at
about 463 eV could be assigned to RuO2.40 As shown in Fig. S3,†
the Ru 3d5/2 binding energy centred at 281.3 eV, further con-
rming the presence of RuO2 in the fresh catalysts.40 In the
comparison of the spent and fresh catalyst, the intensity of the
Ru 3p (Fig. 6) and Ru 3d (Fig. S3†) peaks was decreased
dramatically aer the 1st cycle reaction. Also, the C ls (Fig. S4†)
peak of used Ru–5Cu/Al2O3 was obviously stronger than that of
fresh Ru–5Cu/Al2O3. This result conrmed that the spent cata-
lyst’s surface was covered in carbon deposition and this blocked
the Ru species, which was consistent with the TG/DSC results.
Fig. 5 XRD pattern of the support and catalysts.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Ru 3p of (a) Ru/Al2O3; (b) Ru–5Cu/Al2O3; (c) used Ru/Al2O3; (d)
used Ru–5Cu/Al2O3.

Fig. 8 The Cu LMM Auger spectra of Cu/Al2O3 and Ru–5Cu/Al2O3.
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The Cu 2p spectra of Cu/Al2O3, Ru–5Cu/Al2O3 and used Ru–
5Cu/Al2O3 are displayed in Fig. 7. For Cu/Al2O3 and Ru–5Cu/
Al2O3, the peaks at 933.0 eV and 952.6 eV were assigned to Cu
2p3/2 and Cu 2p1/2, which was attributed to the presence of
Cu2O.41 However, the binding energy of Cu 2p for Cu2O and Cu
was almost the same, and then the Cu LMM Auger analysis was
conducted. In the Cu LMM Auger spectra of both of the fresh
catalysts (Fig. 8), the kinetic energy signal at 915.6 eV was
ascribed to the Cu(I) species.42 In the Cu/Al2O3 catalyst, the
binding energy of Cu 2p3/2 was 933.0 eV, and yet in the Ru–5Cu/
Al2O3 catalyst, it was shied to a high binding energy at 933.3 eV
due to the fact that some electrons were transferred to Ru. There
were signicant differences in the Cu species on the surface of
the fresh and used Ru–5Cu/Al2O3 catalysts (Fig. 7). The broad-
ened peak at 940–945 eV in the used catalyst could be corre-
sponded to CuO.43 In addition, the main Cu 2p3/2 peak was
broadened and asymmetric for the spent catalyst, suggesting
that the Cu species existed in the form of Cu2O and CuO and
a part of Cu2O converted to CuO during reaction. The degra-
dation process was operated at 130 �C and 0.8 MPa oxygen
pressure, therefore, the Cu2O species were easily oxidized into
Fig. 7 High resolution XPS spectra of Cu 2p for catalysts.

This journal is © The Royal Society of Chemistry 2017
CuO species. Comparing the used and fresh Ru–5Cu/Al2O3, the
intensity of the Cu 2p peaks was also decreased in CWO of
organics on account of coke deposition on the catalyst surface,
which was in agreement with the Ru 3p (Fig. 6), Ru 3d (Fig. S3†)
and XPS survey (Fig. S4†) results.

The XPS O 1s spectra of the Ru/Al2O3 and Ru–5Cu/Al2O3

catalysts exhibited a similar shape, a single-loaded envelope,
and were asymmetric indicating that different oxygen types
existed on the catalyst surface (Fig. S5†).44,45 Each peak would be
tted for two species (OI and OII), referred to as the lattice
oxygen and non-lattice oxygen, respectively.44 The OI with
binding energy of 531.2 eV was attributed to the lattice oxygen of
Al2O3,46 while the OII with binding energy of around 532.0 eV
was characteristic of the non-lattice oxygen of catalysts.44,45 The
O 1s XPS data are listed in Table 2. It could be found that the
Ru–5Cu/Al2O3 catalyst had more non-lattice oxygen content
than Ru/Al2O3.

3.2.5. H2-TPR results. The surface catalytic activities of the
samples were conducted by H2-TPR analysis. Fig. 9 reports the
H2-TPR proles of the Ru-based catalysts. The carrier Al2O3

showed only one weak signal at 175 �C. The proles of the Ru/
Al2O3 catalyst had the main H2 consumption peak at 172 �C,
corresponding to reduction of RuO2 to metallic Ru.33 Also, the
area of the peak of Ru/Al2O3 (Ru¼ 0.09 mmol g�1) conformed to
the H2 consumption of 0.17 mmol g�1, and RuO2 was further
demonstrated (RuO2 + 2H2 / Ru + 2H2O). The Cu/Al2O3 cata-
lyst exhibited a broad range between 180 �C and 350 �C with the
peak center at 233 �C, which was assigned to the reduction of
Cu2O.47 For the Cu/Al2O3 catalyst, the practical H2 consumption
(0.42 mmol g�1) of Cu2O approached the theoretical
Table 2 XPS O 1s data for the Ru/Al2O3 and Ru–5Cu/Al2O3 catalysts

Sample

Binding energy (eV) O/OT (%)

OI OII OI/OT OII/OT

Ru/Al2O3 531.2 532.3 70.7 29.3
Ru–Cu/Al2O3 531.1 531.9 63.9 36.1
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Fig. 10 (a) Element mapping analysis for Ru–5Cu/Al2O3; TEM images
for (b) Ru/Al2O3 and (c) used Ru–5Cu/Al2O3.
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consumption (0.39 mmol g�1) (Cu2O + H2 / 2Cu + H2O). In
fact, due to the hydrogen spillover effect, the reduction of Cu2O
to metallic Cu was shied to a lower temperature. As a result,
the asymmetric reduction peak for Ru–5Cu/Al2O3 in Fig. 9
should be attributed to the overlap of the reduction of RuO2 to
metallic Ru and the reduction of Cu2O to metallic Cu. With
increasing Cu loading amounts, the intensity of H2 consump-
tion of Ru–mCu/Al2O3 was gradually increased. The coexistence
of RuO2 and Cu2O and the synergic effect were of vital impor-
tance to improving the activity of the Ru–mCu/Al2O3 catalyst.

3.2.6. TEM images. The surface morphologies and micro-
structures of the catalysts were characterized via transmission
electron microscopy (TEM) as shown in Fig. S6† and Fig. 10. A
typical TEM image of the Ru–5Cu/Al2O3 catalyst (Fig. S6†)
showed that a large amount of nanoparticles was uniformly
deposited on the catalyst surface, and the average particle size
was 5.9 nm with narrow distribution (Fig. S7†). In order to
explain the composition and element distribution of the Ru–
5Cu/Al2O3, elemental mapping analysis was conducted. The le
image (Fig. 10a) shows the TEM of the element mapping region.
The orange, yellow and green colours in the image correspond
to aluminum, copper and ruthenium elements, respectively. It
could be observed that the Ru dispersed well on the carrier due
to addition of copper to the Ru-based catalyst. Also, the Ru and
Cu were evenly attached to Al2O3. Ru was poorly dispersed and
some of the Ru species obviously aggregated into larger parti-
cles in the Ru/Al2O3 catalyst (Fig. 10b). The nanoparticle size
was about 6.3 nm with a wide distribution (Fig. S8†). These
results implied that the addition of Cu to Ru/Al2O3 could make
the Ru species disperse well. Fig. 10c showed the used Ru–5Cu/
Al2O3 catalyst aer its 1st run, the active metals were not sin-
tering, but the amorphous carbon was formed48 and covered
a vast amount of the catalyst surface. It was proven that the
carbon deposit was the main cause of catalyst deactivation. If
the carbon was removed the spent catalyst would recover cata-
lytic activity.
Fig. 9 The H2-TPR profiles of the support and catalysts.

21512 | RSC Adv., 2017, 7, 21507–21517
3.3. Performance of the Ru–5Cu/Al2O3 catalyst

The activity of the Ru–5Cu/Al2O3 catalyst in degradation of
phenol (about 10 g L�1) was evaluated at a reaction temperature
of 130 �C and an oxygen pressure of 1.6 MPa. In most literature,
CWO of low concentration phenol (1–2.1 g L�1) usually requires
high temperatures (150–180 �C) and oxygen pressures (1.4–2.0
MPa).8,9,13,16,17 The activity curves of the Ru/Al2O3 and Ru–5Cu/
Al2O3 catalysts are displayed in Fig. 11. At zero time, the
degradation of COD could almost be neglected before admitting
oxygen into the reaction system, suggesting that the oxygen had
a great inuence in degradation of phenol. In WAO of phenol in
the absence of catalyst, the COD was not obviously converted
Fig. 11 COD removal efficiency of phenol with different catalysts
(130 �C, 1.6 MPa).

This journal is © The Royal Society of Chemistry 2017
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with only 2.7% removal aer 2.5 h. The carrier almost had little
activity with COD removal similar to the WAO reaction. Appar-
ently, the presence of the Ru–5Cu/Al2O3 catalyst led to signi-
cant enhancement of the COD removal efficiency as compared
to the WAO and oxidation with Ru/Al2O3. COD degradation
efficiencies as high as 94.0% and 96.7% could be reached within
1 h and 2.5 h, respectively. Only 70.0% of COD removal was
achieved aer a 2.5 h run over the Ru/Al2O3 catalyst, which was
lower than that of the Ru–5Cu/Al2O3 catalyst aer 0.5 h reaction
(78% COD removal). These results indicated that the addition of
Cu signicantly enhanced the performance of the Ru-based
catalyst. There was a synergetic effect between Ru and Cu
during the oxidation possess. The Cu species mainly acted as
the catalyst accelerator to improve the performance of the Ru-
based catalyst.

The oxygen pressure is an important factor toward the
degradation of organic compounds.49–52 This effect might be
related to the availability of oxygen to the catalyst surface and
concentration of oxygen dissolved in the liquid phase. The
amount of dissolved oxygen is proportional to its partial pres-
sure in the gas phase, according to Henry’s law. Therefore,
sufficient oxygen pressure is benecial to promotion of the free-
radical and oxidation of the organic pollutant.50 Increasing the
reaction pressure improves the likelihood that the reactants will
interact with each other, and thus increases the rate of the
reaction. Additionally, the stoichiometric amount of oxygen was
calculated from reaction (1). In theory, phenol was completely
decomposed into CO2 and H2O under the reaction conditions
corresponding to 0.67 MPa oxygen.

C6H6O + 7O2 / 3H2O + 6CO2 (1)

The effect of the oxygen pressure was investigated using Ru–
5Cu/Al2O3. The experiments were conducted under oxygen
pressures ranging from 0.2 to 1.6 MPa at 130 �C for 2 h reaction
(Fig. 12). The degradation efficiency improved with increasing
oxygen pressure. This effect was noticeable when the pressure
Fig. 12 The influence of the oxygen pressure on COD removal of Ru–
5Cu/Al2O3 (130 �C, 2 h).

This journal is © The Royal Society of Chemistry 2017
increased from 0.2 to 0.8 MPa, which resulted from the solu-
bility of oxygen in the solution increasing with the oxygen
partial pressure increasing. While the difference between 0.8
and 1.6 MPa was insignicant, this could be attributed to the
concentration of oxygen in the liquid phase reaching satura-
tion.51 The oxygen diffusion to the catalyst surface was not
limiting the rate anymore and the CWO of phenol was trans-
formed from under oxygen diffusion control to kinetic control
when the oxygen pressure exceeded 0.8 MPa.52 When the oxygen
pressure was below 0.8 MPa, the rate for elimination of phenol
was rst order with respect to the oxygen pressure. Above this
limit, the removal of phenol was zero order with respect to the
oxygen pressure. In order to achieve total mineralization of
phenol, 0.8 MPa was a suitable oxygen pressure. Under higher
oxygen pressure, the dissolved oxygen increased and was
benecial to formation of reactive oxidation species.11 The
higher oxygen pressure could accelerate the reaction rate and
achieve higher removal efficiency.

In the CWO of organic compounds, reaction temperature is
also a signicant parameter affecting the catalytic oxidation of
organic compounds.50–53 It is necessary to investigate the inu-
ence of this factor on the CWO reaction. Usually, increase in
temperature is accompanied by increase in the pollutant
removal and reaction rate. The temperature is a measure of the
kinetic energy of a system, so higher temperature implies
higher average kinetic energy of the molecules and more colli-
sions between the pollutants and catalyst. Usually, conducting
the reaction at a higher temperature delivers more energy into
the system and increases the reaction rate by causing more
collisions between the particles, in accordance with collision
theory.

The inuence of the reaction temperature on elimination of
phenol was studied within the temperature range of 95 �C to
130 �C. Fig. 13 showed the evolution of COD removal from
phenol over the Ru–5Cu/Al2O3 catalyst. As expected, because the
reaction rate increased with temperature, the COD removal was
increased rapidly as the temperature increased. Under 130 �C
Fig. 13 The influence of temperature on COD removal of the Ru–
5Cu/Al2O3 catalyst (0.8 MPa).

RSC Adv., 2017, 7, 21507–21517 | 21513
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and 0.8 MPa oxygen pressure, COD removal could reach 95.6%
aer 80 min reaction time, while the elimination efficiency was
only 73.4% aer 90 min at 110 �C. The reaction progressed
rather slowly at 95 �C taking over 2.5 h to reach 51.2% COD
removal. During oxidation of phenol, a small amount of inter-
mediate was produced.28 Then the concentration reached
maximum and plateaued because the short chain organics
formed from phenol oxidation were relatively stable and
refractory to further oxidation into CO2 and H2O.54 Higher
temperature resulted in formation of less recalcitrant interme-
diate products.
Fig. 14 Reaction kinetic plots dependent on COD concentration.

Fig. 15 The Arrhenius plot of COD removal of phenol catalysed by
Ru–5Cu/Al2O3.
3.4. Reaction kinetics

It was necessary to investigate the kinetics of CWAO of organics
in order to understand the reaction rate during oxidation. In
some previous studies, the concentration of the organic reac-
tant was treated as a kinetic parameter.53–55 During catalytic
oxidation of phenol, the process is very complex and generated
a variety of intermediate products. Therefore, it is impossible to
perform a detailed analysis of the individual compounds. To
study the complicated oxidation procedure, the collective
parameter has been used to study the rate of reaction.12,51,56,57 An
approximated investigation could be carried out in terms of the
concentration of COD. The reaction rate equation can be pre-
sented as follows:

r ¼ �d½COD�
dt

¼ k½COD�a½O2�b½H2O�c (2)

where k is the rate constant; [COD] is the concentration of COD
(mg L�1); [O2] is the content of oxidant (MPa); [H2O] is the
concentration of water; t is the reaction time (min); a, b and c
are the reaction orders of [COD], [O2] and [H2O], respectively.
While the concentrations of H2O and O2 were in great excess in
the reaction system, the effects of H2O and O2 limitation on the
reaction were not considered, thus the reaction rate could be
briey expressed as:

r ¼ k1[COD]a (3)

The reaction could be simplied to a pseudo-rst-order
reaction, and the rate of COD removal was described as follows:

ln
½COD0�
½COD� ¼ k1t (4)

where k1 denoted the pseudo-rst-order reaction rate constant
and [COD0] was the initial concentration of the substrate. The
rst-order reactionmodel has been applied to the description of
the kinetics for organic degradation.10,12,56 An apparent rate law
for phenol removal was important for evaluating the technology
of phenol catalytic oxidation using a catalyst. To gain better
insight into the CWO process, the kinetics of phenol oxidation
under different temperatures were investigated at 0.8 MPa
oxygen pressure. Fig. 14 presented the pseudo-rst-order kinetic
model t of the COD concentration for CWO over Ru–5Cu/
Al2O3. All of them tted well with the pseudo-rst-order corre-
lation. The reaction rate constants were 0.00485, 0.01886 and
0.03948 min�1 for 95 �C, 110 �C and 130 �C, respectively. The
21514 | RSC Adv., 2017, 7, 21507–21517
rate constants increased gradually with the increase of
temperature.

Consequently, assuming that the empirical kinetic constants
followed the Arrhenius dependence on temperature, the
apparent activation energies were conveniently determined.
The rate constant k1 is related to the temperature T according to
the Arrhenius equation:

ln k1 ¼ ln A � (Ea/RT) (5)

where A is frequency factor, Ea is activation energy, and R is the
gas constant (8.314 J mol�1 K�1). The relationship between the
reaction rate constants and temperature was plotted in Fig. 15.
The activation energy for degradation of phenol was calculated
to be 72.9 kJ mol�1, which was in agreement with a previous
study with values ranging from 58–107 kJ mol�1.27 The activa-
tion energy of CWO of phenol was varied from 31–176 kJ
mol�1.58–60 This was probably due to the different pathways
This journal is © The Royal Society of Chemistry 2017
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involved in the course of phenol oxidation to the intermediate
organics, CO2 and H2O.
3.5. Reaction mechanism

The mechanism of phenol oxidation cannot be established on
the basis of the data obtained in this study. Based on the acti-
vation energy of 72.9 kJ mol�1, the CWO of the phenolic
compounds was relevant to the radical reaction.60 Also,
according to previous studies, the mechanism of catalytic
oxidation of wastewater of phenol was a free radical
process.50,61,62 Several free radical reactions consisting of initi-
ation, propagation, and termination of free radicals have been
proposed to take place during WAO of various organic
compounds.63 In general, the free radicals included superoxide
ions (O2c

�), hydroxyl radicals (OHc) and hydroperoxyl radicals
(HO2c), which were all strong oxidation species in aqueous
solutions.11,61 The rate of degradation of the organic compounds
was determined by the formation of the reactive oxygen species.
This was conducive to generating free radicals under higher
oxygen pressure and temperature. A certain number of transi-
tion metals can activate O2 via reaction.64 With molecular
oxygen, the formation of hydroxyl radicals is quite improbable
but superoxide radicals could be catalytically produced by the
metal species according to the following equation:

Mn+ + O2 / M(n+1)+ + O2c
� (6)

Ru(3+/4+) and Cu(2+/1+) species are known to be good
candidates for catalyzing the reaction. The redox potential of
the M(n+1)+/Mn+ couple is a main factor in the promotion of
oxidation. As the hydroperoxyl radical is the acid form of the
superoxide radical ion:

O2c
� + H+ ¼ H2Oc (7)
Fig. 16 The degradation efficiency of COD by Ru–5Cu/Al2O3 in the
1st cycle without regeneration, and that of the 3rd, 4th, 5th and 6th
cycles obtained by employing the regenerated catalyst after the 2nd,
3rd, 4th and 5th run via calcination. Reaction conditions: 130 �C,
0.8 MPa oxygen pressure, 2 h.

This journal is © The Royal Society of Chemistry 2017
It has been reported that heterogeneous catalysts are capable
of initiating free radicals.1 Moreover, the catalyst could directly
activate the reactant molecules, facilitating their decomposition
into radicals, or accelerate the decomposition into radicals with
hydroperoxides formed in a radical chain mechanism. The
synergetic effect between the Ru and Cu species was important
to promote the production of radicals of the Ru–5Cu/Al2O3

catalyst. The catalytic cycle can be introduced through the
following reduction–oxidation reactions:62,63

PhOH + Ru4+ / PhOc + Ru3+ + H+ (8)

Ru3+ + O2 / Ru4+ + O2c
� (9)

Cu+ + O2 / Cu2+ + O2c
� (10)

PhOH + HO2c / PhOc + H2O2 (11)

H2O2 + O2 / 2HO2c (12)

Each hydrogen abstraction and formation of free radical
steps had to take place on the active sites of the catalyst surface.
In the rst step, a molecule of phenol is adsorbed onto the
catalyst. The surface reaction is hydrogen abstraction with
formation of a radical. The formed radical will be released into
the solution and oxidized in the homogeneous phase, directly to
the desired end products, or through the formation of shorter
chain intermediates. Phenol is believed to adsorb exclusively on
the metal ion sites at their higher oxidation states and is
transformed into phenoxy radicals via the surface redox cycle
and hydroxyl hydrogen abstraction.61 The non-lattice oxygen on
the catalyst surface has higher mobility than the lattice oxygen,
and accordingly can take an active part in the oxidation
process.44,63 It was widely accepted that the non-lattice oxygen
played an important role in the catalytic activity of CWO of
organic compounds.44 The catalyst of Ru–5Cu/Al2O3 had more
non-lattice oxygen content, resulting in generating radical
species more easily.
3.6. Reuse of the Ru–5Cu/Al2O3 catalyst

The Ru–5Cu/Al2O3 catalyst exhibited high activity for elimina-
tion of phenol. It was necessary to evaluate the lifespan and
stability of the catalyst for heterogeneous catalysis. Consecutive
runs were carried out using the same catalyst to decompose
phenol under the optimum conditions. Aer the reaction
nished, the catalyst was separated from the suspension by
ltration, followed by washing with ethanol and distilled water
several times. Aer the rst cycle, the catalyst was directly used
for a second run without regeneration. Also, the concentration
of leaching Ru and Cu ions in the solution was detected by ICP-
OES measurement. The concentration of Ru was only 0.13 mg
L�1, which could be negligible. The concentration of leaching of
the Cu ion was 81.85 mg L�1.

The COD removal efficiency decreased dramatically from
95.8% to 57.0% aer two cycles, because the coke deposition
covered the catalyst surface and inhibited the organics’ contact
with the active sites.37 In order to regenerate the catalytic activity
RSC Adv., 2017, 7, 21507–21517 | 21515
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of the catalyst, the used catalyst was calcined under air at 500 �C
for 4 h aer the second run. The COD degradation efficiency of
the regenerated catalyst was noticeably increased to 93.8% at
the third cycle. This removal efficiency was nearly equal to that
of the fresh catalyst. It was suggested that the carbon deposited
on the catalyst surface could not cause serious damage to the
catalyst. The regenerated catalyst exhibited good performance
even aer six cycles (Fig. 16). The removal efficiency of the
phenol aqueous solutions exhibited a slight reduction and
dropped to 85.4% aer six runs, which was related to the
leaching of the active metals.65 According to XPS of Cu 2p
(Fig. S9†), the Cu2O on the catalyst surface was converted into
CuO aer calcination, which was the same as treating by
calcination and H2 treatment. It was observed that the change
of the oxidation state of the Cu species was not the main reason
for catalyst deactivation. In order to regenerate the catalyst as
simply as possible, the used catalyst was directly calcined to
recover the catalytic activity.
4. Conclusions

In summary, we combined noble Ru and transition metals as
additives for various supports and assessed them for catalytic
wet oxidation of highly concentrated phenol under mild
conditions. Most importantly, the Ru–5Cu/Al2O3 exhibited the
highest efficiency for degradation of the high-loaded phenol
with COD removal of 91.7% and 95.8% aer 1 h and 2 h under
the reaction conditions of 130 �C and 0.8 MPa oxygen pressure.
The addition of Cu could effectively improve the performance of
the Ru-based catalyst, whichmay be attributed to the synergistic
effect, good dispersion of the active metal and the high content
of non-lattice oxygen. The kinetic investigation revealed that the
overall rate of the oxidation reaction conformed well to the
pseudo-rst-order model. The Ru–5Cu/Al2O3 catalyst suffered
deactivation mainly due to the carbon deposition covering the
active sites, while the deposited carbon was easily removed
through calcination and the catalyst recovered catalytic activity.
Hence, our work highlighted again that the supports and
secondary metals had great inuence on the catalytic activity.
The noble-transition bimetallic Ru–Cu catalyst had promising
prospects for decomposition of organic wastewater with higher
activity and lower noble metal loading.
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