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bstract

Carbon-supported copper (Cu/GAC) catalyst was prepared by conventional impregnation method and characterized by scanning electron
icroscopy (SEM), energy-dispersive X-ray spectroscopy (EDX) and X-ray diffraction (XRD). The sizes of Cu particles dispersing on the

urface of GAC were 0.3–1.5 �m, which could be penetrated by microwave so that Cu/GAC catalyst could absorb microwave energy effectively.
he catalysis of Cu/GAC in microwave assisted catalytic oxidation of p-nitrophenol (PNP) in aqueous solution was investigated through a fixed
ed reactor under ambient pressure and continuous flow mode. PNP removal reached 91.8% under optimized conditions, corresponding to 88% of

OC removal. It showed a higher PNP degradation and total organic carbon (TOC) removal for Cu/GAC catalyst than GAC alone, and Cu/GAC
atalyst kept on a high catalysis and a good stability for a long time run, which indicated that GAC structure and catalytic capacity were improved
y the load of Cu.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Microwave (MW) is a part of the electromagnetic spectrum
ccurring in the frequency range of 300 MHz to 300 GHz and
an provide rapid heating of materials. In recent years, it has
een applied in the researches on remediation of contaminated
oil [1], purification of petroleum wastewater [2], reduction of
itrogen oxides and sulfur dioxide [3], etc. Combining with
icrowave-absorbing materials, including but not limited to,

ranular activated carbon (GAC) with a high surface area and a
ide range of pore size distribution, microwave has also been

mployed in the degradation of organic pollutants in aqueous
olution. Liu et al. [4] applied GAC to adsorb pentachlorophe-
ol (PCP) in solution firstly and then the adsorbed GAC was
adiated by microwave, which resulting in the decomposition

f PCP on the surface of GAC and GAC regeneration simul-
aneously. In our previous works [5,6], GAC fixed bed was
pplied to treat p-nitrophenol (PNP) solution continuously under

∗ Corresponding author. Tel.: +86 411 84706140; fax: +86 411 84706263.
E-mail address: quanxie@dlut.edu.cn (X. Quan).
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W irradiation and showed a high removal for PNP, and GAC
cted as microwave-absorbing material and adsorptive catalyst
ogether in the course of reaction. However, the catalysis of
AC-supported metal catalyst has not been investigated in our

arlier works. It is well known that metal, while loaded on the
urface of supporter, can have an apparent catalysis during reac-
ion. Alumina-supported copper and carbon-supported copper
Cu/GAC) catalysts [7,8] have been reported to have the high-
st catalytic activity in catalytic wet air oxidation (CWAO) of
yeing and printing wastewater among Cu(NO3)2, CuO, FeSO4,
n(NO3)2 and CuSO4, and CWAO, as one of the most promis-

ng processes for wastewater treatment, has been mainly applied
o treat toxic or/and non-biodegradable pollutants under high
emperature and high pressure. However, no report has been
ound with respect to CWAO of refractory compounds combin-
ng with microwave energy and GAC-supported metal catalyst,
nd also few reports on the behavior of carbon-supported metal
atalyst in the field of microwave due to metallic shield and

eflection on microwave.

In this study, Cu/GAC catalyst was prepared and charac-
erized to give an explanation for its microwave-absorbing
apacity, and the catalytic activation and stability of the cat-

mailto:quanxie@dlut.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.09.082
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lyst, compared with GAC, were also investigated in CWAO
f p-nitrophenol, one of toxic and non-biodegradable pol-
utants existing extensively in the terrestrial and aquatic
nvironments [9], assisted by microwave under atmosphere
ressure.

. Experimental

.1. Preparation and characterization of Cu/GAC catalyst

Coal-based GAC, obtained from Shanghai Zhenghai Acti-
ated Carbon Co. Ltd, China, was sieved firstly with 20 mesh
creen to obtain 1–4 mm size granules, then immersed in
%–10% hydrochloric acid (HCl) for 18 h, and then seethed by
team for 2 h, then rinsed repeatedly with deionized water until
he pH of the washed water was 5–6. Finally, the washed GAC
as dried in an oven at 105 ◦C for 8 h to constant weight. Pre-

reated GAC were impregnated firstly with aqueous solution of
nalytical grade copper nitrate (Cu(NO3)2·3H2O) (stoichiomet-
ic 10 wt.%), then the suspension was mixed at 250 rpm for 2 h
nd dried at 105 ◦C for 8 h. The dried catalyst samples were cal-
ined in an oven at 400 ◦C for 4 h with nitrogen gas at a flow rate
f 600 mL min−1, and copper nitrate was decomposed to copper
xides that combined with GAC firmly during calcination. And

hen the catalyst was reduced by hydrogen gas at 70 mL min−1

t 350 ◦C for 4 h. Finally, the Cu/GAC catalyst was taken out
fter cooled down to room temperature under the protection of
he nitrogen gas.

o
p
o
T

Fig. 1. Schematic diagram o
aterials 153 (2008) 1201–1206

The surface morphology of the catalyst was observed by scan-
ing electron microscopy (SEM) using Oxford JSM-5600LV
icroscope with an accelerating voltage of 20 kV, and the

lement analysis was carried out by energy-dispersive X-ray
pectroscopy (EDX) equipped with the scanning electron micro-
cope. The crystallinity was determined by X-ray diffraction
XRD) using a diffractometer with Cu K� radiation (model,
himadzu LabX-6000). The accelerating voltage and the applied
urrent were 40 kV and 30 mA, respectively. The average size
f the Cu grain was calculated using Scherrer’s equation, and
he penetration depth of the Cu was evaluated by skin depth.

.2. Microwave assisted catalytic oxidation of PNP

A schematic diagram of the experimental setup has been
howed in previous study [6], and also given in Fig. 1. A modi-
ed domestic microwave oven (2450 MHz), whose power could
e adjusted continuously by a booster, was applied for supply-
ng MW energy. A quartz column (inner diameter 28 mm, total
ength 440 mm) contained catalyst, was inserted vertically in the

W oven and served as a fixed bed reactor. A sheltered type-K
hermocouple was used to measure the temperature of the bed.

The catalyst pre-adsorbed PNP firstly, and then was packed
nto the reactor so as to eliminate the adsorption effect of GAC

n PNP degradation, then PNP solution and air were mixed and
umped into the fixed bed reactor, wherein PNP was degraded
n the surface of the catalyst under microwave irradiation.
he effluent exchanged heat with the influent through a heat

f experimental setup.
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Fig. 2. The rising temperature curves of GAC and Cu/GAC catalyst in the
microwave field.

Fig. 3. SEM of Cu/GAC catalyst prepared by conventional impregnation
method.
L.L. Bo et al. / Journal of Hazard

xchanger and then flowed into a receiver. The off gas was con-
ensed by tap water, and then absorbed by deionized water and
ilute alkaline solution respectively before discharged.

.3. Analytical methods

PNP was analyzed by a high-performance liquid chromato-
raph (HPLC) (JASCO, PU-1580, Japan) equipped with UV
etector (UV-1575) and reverse-phase column (250 × 4.6 mm,
�m ODS, Kromasil, China). The detection wavelength was

et at 280 nm, and the mobile phase was 0.6:0.4 methanol and
ater at a flow rate of 1 mL min−1. The peak of PNP could
e observed at 5.9 min and separated clearly from the interme-
iates. PNP quantification was performed by external standard
ethod, and the detection concentration of PNP was between 5

nd 50 mg L−1, based on the calibration curve (R2 0.9998).
TOC analyzer (TOC-VCPH, Shimadzu, Japan) was employed

o determine the residual amounts of organic substances in the
ffluent to investigate the mineralization degree of PNP solution.

Textural properties of GAC samples were measured by
itrogen adsorption/desorptioin isotherms at 77 K with a
icromeritics ASAP 2010 sorptometer. The measurement of

he surface area was carried out using Brunauer–Emmett–Teller
BET) method [10], and micropore analysis was performed
sing t-method [11], the pore size distributions were calculated
y Barrett–Joyner–Halenda (BJH) equation [12].

. Results and discussion

.1. Characterization of GAC and Cu/GAC catalyst

It is well known that metal can reflect MW so as to be used
idely as shielding material for MW device, however, quartz
lass and polytetrafluorethylene are almost no absorption and
lock to MW so that can be taken as materials for reactor. In order
o investigate the effect of loaded Cu on microwave-absorbing
apacity of Cu/GAC catalyst, 3 g of Cu/GAC catalyst and dried
AC were put into a quartz tube, respectively, and then radiated
y microwave in 800 W. The variation of temperature was mea-
ured by a sheltered type-K thermocouple [13], and the results
ere shown in Fig. 2. It was seen that GAC and Cu/GAC could
oth absorb microwave energy strongly, and the temperature
ose rapidly and exceeded 1000 ◦C within 20 s. There are no
pparent difference in microwave-absorbing capacity between
AC and Cu/GAC catalyst. Why loaded Cu has no effect on
icrowave-absorbing ability of the Cu/GAC catalyst? In order to

xplore the reason, Cu/GAC catalyst was characterized by SEM,
DX and XRD, and the photographs were shown in Figs. 3–5.

It could be seen in Fig. 3 that Cu particles dispersed asym-
etrically on the surface of GAC, and had irregular shapes and

ifferent sizes. The sizes of Cu grains varied from 0.3 to 1.5 �m
nd the average size was 0.6 �m. Because the temperature of cal-
ination and reduction were both much lower than the melting

oint of Cu (1083 ◦C), decomposition and reduction of Cu salts
nd Cu oxides had been conducted slowly during the prepara-
ion of Cu/GAC catalyst in order to obtain the smaller Cu grains
nd not destroy the structure of GAC simultaneously. Reaction Fig. 4. Element analysis of Cu/GAC catalyst by EDX.
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In this work, the initial concentration (C0) of PNP solution
was around 1700–1800 mg L−1, q value was determined to be
330 mg g−1.
Fig. 5. XRD of Cu/GAC catalyst.

as happened in the sites where copper nitrate was adsorbed.
he reason for asymmetric distribution and different sizes of Cu
articles was speculated to be connected with the asymmetrical
ispersal of Cu salts and Cu oxides on the surface of GAC, which
as caused probably by the thermal diffusion in the process of
ryness.

Generally, microwave can penetrate metallic particle when its
ize is lower than a given value, although metal, such as copper,
an reflect and transmit microwave as shielding material. The
epth of penetration can be calculated by skin depth [14] as
ollows:

=
√

2

ωμ0σ
(1)

Where δ is the skin depth, ω is the angular frequency, μ0 is
he permeability of free space (μ0 = 4π × 10−7 H m−1) and σ

s the electric conductivity. For Cu, σ is 5.81 × 107 �−1 m−1,
nd microwave frequency 2450 MHz, so the skin depth of Cu is
alculated to be 1.3 �m based on equation (1). It is bigger than
.6 �m, the average size of Cu particle on the surface of GAC,
o microwave can penetrate Cu particles. The reason for the
ising temperature of Cu/GAC catalyst in the field of microwave
as attributed to the loss of penetration and strong microwave-

bsorbing capacity of GAC.
Fig. 4 showed an element composition of Cu/GAC catalyst.

t could be seen that there were only two elements of carbon and
opper existing in the catalyst, and nitrogen or oxygen element
as not found. It indicated that Cu nitrate and Cu oxides were
ecomposed and reduced completely in the process of prepara-
ion. Fig. 5 displayed XRD pattern of Cu/GAC catalyst. Sharp
ntensive peaks were observed at 2θ = 43.2◦, 50.34◦ and 70.01◦,
hich were the positions of the characteristic peaks of metal Cu

nd showed good crystallinity. It indicated that elemental Cu in
he catalyst was zero-valent Cu, which was consistent with the
DX analysis. The average size of Cu crystal could be calculated
ased on Scherrer’s equation as follows:
= 0. 89λ

β cos θ
(2)

F

aterials 153 (2008) 1201–1206

Where D is the size of crystal, λ is the wavelength of X-ray
adiation (0.15406 nm for Cu K� radiation), β is the full width at
alf maximum (FWHM), and θ is the diffraction angle. Accord-
ng to the data of XRD and formula (2), the size of Cu crystal was
alculated to be 23.7 nm, which was much lower than the size of
u particles (0.3–1.5 �m) observed in SEM photograph. There-

ore, it was speculated that those big Cu particles, distributing
symmetrically on the surface of the catalyst, were formed by
he agglomeration of lots of Cu crystallites. Different sizes of
u particles were due to different agglomerating amounts of Cu
rystals.

.2. Adsorption isotherms of PNP on GAC and Cu/GAC

GAC has a strong adsorption capacity for organic compounds
nd is used widely as adsorbent in purifying air, drinking water
nd wastewater [15]. However, we are interested in the degrada-
ion of PNP by microwave and not in the adsorption by GAC in
his study, so the adsorption capabilities of Cu/GAC and GAC for
NP should be evaluated in terms of their adsorption isotherms.
he adsorption experiments were carried out at 60 ◦C, which is
lose to the temperature of the influent after heat exchange with
he effluent (seen in Fig. 8), and the results were shown in Fig. 6.

It can be seen from Fig. 6 that Cu/GAC and GAC reached
quilibrium simultaneously while the equilibrium adsorption
mount (q) reached 370 mg g−1, the corresponding equilibrium
oncentration (Ce) was higher than 4000 mg L−1. Metal Cu par-
icles occupy a part of adsorption sites of GAC, but calcination
nd reduction can remove impurity, such as sulfur, phosphor
nd organic matters etc, to clean the inner pores of GAC, which
mprove the adsorbing capacity of GAC. As a result of the two
ffects, the adsorption capability of Cu/GAC remained the same
evel as GAC has. The adsorption data is higher than that in
ur previous report [5], which is due to different sizes of GAC.
ig. 6. Adsorption isotherms of PNP onto GAC and Cu/GAC catalyst at 60 ◦C.
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.3. Microwave assisted catalytic oxidation of PNP

Based on the q value (330 mg g−1) and the catalyst amount,
7.5 g PNP were pre-adsorbed onto 52.5 g Cu/GAC catalyst and
AC, respectively, in advance. In this way, we could confirm that

he decay of PNP concentration resulted from degradation, not
rom adsorption. The effect of parameters and PNP concentra-
ion variation at the beginning of experiment were discussed in
ormer work [5], therefore, microwave power (PMW) decreased
o 400 W and other parameters kept constant, such as PNP
olution flow (QS) 6.4 mL min−1 (corresponding to hydraulic
etention time (HRT) 16 min) and air flow (QA) 120 mL min−1,
ere applied to treat PNP solution with C0 1734 mg L−1 using
u/GAC catalyst in this study. Experiment using GAC was also
arried out under the same conditions as a comparison, and the
esults were illustrated in Fig. 7.

It can be seen from Fig. 7 that Cu/GAC catalyst showed

igher PNP degradation and TOC removal than GAC under
icrowave irradiation. After 5 h of operation, PNP concentration

ecreased from initial 1734 mg L−1 to 142 mg L−1, correspond-
ng to 91.8% PNP removal, but only 69.2% PNP were degraded

ig. 7. Comparison of Cu/GAC and GAC for the degradation and mineralization
f PNP.

b
c
s
T
m
a
P
d
a
a
c
t
o
t
t
b
h
c

a

fi
a
t
t
C
a
t
m
t
a
s

3

c
t
1

ig. 8. Temperature curves of the influent, the effluent, Cu/GAC fixed bed and
AC fixed bed.

y GAC. A similar pattern appeared to TOC removal, TOC
oncentration reduced from 752 to 89.5 mg L−1 at 5 h, corre-
ponding to 88% TOC removal for Cu/GAC catalyst, but 56.8%
OC removal for GAC at the same time. PNP degraded were
ostly mineralized by Cu/GAC. It inferred that Cu and its oxides

pparently accelerated the degradation and mineralization of
NP, and played a role of “reaction centre” in the process of
egradation. Gomes et al. [16] reported that the activity of cat-
lyst was correlated with the exposed metal area, and hydrogen
bstraction occurred at the metal surface and a long elementary
hain reaction proceeded subsequently. Cao et al. [17] suggested
hat the high activity of Pt/AC (activated carbon), used in CWAO
f wastewater containing ammonia and phenol, could be due to
he interaction between Pt and AC surface, although this interac-
ion has not yet been elucidated. In this work, the synergic effect
etween Cu and GAC must exist in reaction, which showed a
igher catalytic activity and a better PNP removal for Cu/GAC
atalyst than GAC.

During reaction, the temperatures of fixed beds, the influent
nd the effluent were recorded and shown in Fig. 8.

It showed that the temperature of Cu/GAC fixed bed or GAC
xed bed had big fluctuation at the beginning of experiment,
nd even attained 650 ◦C at 60 min. It was caused by desorp-
ion and oxidation of pre-adsorbed PNP. After running 80 min,
he reaction was in steady state and the surface temperature of
u/GAC or GAC fixed bed varied from 200 to 300 ◦C. Usually, at
bout 250–320 ◦C, practically all compounds can be completely
ransformed [18]. Therefore, PNP could be easily degraded and

ineralized on the surface of Cu/GAC catalyst. Initial PNP solu-
ion was preheated and its temperature kept constantly at 64 ◦C,
nd the temperature of the effluent was about 150–160 ◦C in
teady state.

.4. Stability of experiment for Cu/GAC catalyst and GAC
In order to investigate the activation and stability of Cu/GAC
atalyst, the experiment was carried out for 800 min under condi-
ions of C0 1778 mg L−1, PMW 500 W, QS 6.4 mL min−1 (HRT
6 min) and QA 120 mL min−1. For GAC, C0 was 1700 mg L−1
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[
ater containing ammonia and phenol over activated carbon supported Pt
ig. 9. Stability of Cu/GAC catalyst in the treatment of PNP solution under
icrowave irradiation.

nd other parameters were the same as those of Cu/GAC catalyst.
he results were given in Fig. 9.

As seen in Fig. 9, PNP concentration in the effluent was kept
t 6–20 mg L−1 and PNP removal higher than 98% for Cu/GAC
atalyst in the whole of runs. A high catalytic activation and
ood stability were observed. Compared with Cu/GAC catalyst,
NP removal decreased from 90% to 60% for GAC during the
hole course. Therefore, it was obvious that loaded Cu not only
rovided more chance for pollutants to be oxidized, but also was
enefit to maintain high PNP removal. It was speculated that the
oad of Cu enhanced effectively the porous structure of GAC
nd the structure of Cu/GAC catalyst had no obvious change
nder microwave irradiation so that the Cu/GAC catalyst could
eep a high catalytic level and good stability during the course
f reaction.

According to the BET method and the analysis of pore size
istribution, it was found that the specific surface area of GAC
ecreased from 1086 to 843 m2 g−1 and micropore volume
ecreased from 0.2616 to 0.1872 cm3 g−1, respectively, after
eaction, and the amount of micropore was also lessened. How-
ver, the molecule diameter of PNP belongs to the range of
icropore (<2 nm). It was speculated that the change of GAC

tructure, mainly the decrease of micropore volume, resulted in
he decrease of PNP removal. In the case of Cu/GAC catalyst,
he catalytic activity from the synergy effect between Cu and
AC would cover the effect of micropore volume decrease dur-

ng the course of reaction so that the operation could keep a high
nd stable level.

. Conclusions

Cu/GAC catalyst prepared by conventional impregnation
ethod showed a strong microwave-absorbing ability and a high

dsorption capability for PNP as GAC. The loss of penetra-
ion and strong microwave-absorbing capacity of GAC resulted
n a rapid temperature increase for Cu/GAC catalyst under
icrowave irradiation. Compared with GAC, Cu/GAC catalyst
howed higher catalytic degradation and mineralization efficien-
ies in microwave assisted catalytic oxidation of PNP. A higher
atalytic activity and better stability of Cu/GAC catalyst than

[

aterials 153 (2008) 1201–1206

AC were also observed in the course of reaction. The load of
u enhanced obviously the structure of GAC. In this study, the

eaction of microwave assisted catalytic oxidation is carried out
nder a milder condition (ambient pressure) than CWAO, which
ould show a better application prospect than CWAO in future.
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