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Cuprous  oxide  is  firstly  created  on acidized  sepiolite  (AS)  by a simple  deposition  method  for  pho-
tocatalytic  degradation  of  the  red water  produced  from  2,4,6-trinitrotoluene  (TNT)  manufacturing.
X-ray  diffraction  (XRD),  field-emission  scanning  electron  microscopy  (FE-SEM),  ultraviolet-visible  diffuse
reflection  absorptive  spectroscopy  (UV–vis/DRS),  and  Fourier  transform  infrared  (FT-IR)  spectroscopy  are
used  to characterize  the  photocatalyst  composites.  Gas  chromatography/mass  spectrometry  (GC/MS)  is
employed  to  determine  the  organic  constituents  in the  red  water.  The  results  show  that  the cuprous  oxide
particles  can  be immobilized  on  the  surface  of the  AS  fibers  and  the  structure  of the  AS is altered  when
uprous oxide
epiolite
ed water
hotocatalysis

cuprous  oxide  interacts  with  AS  via  chemical  reactions  besides  physical  adsorption.  The  AS  improves  the
optical properties  of  cuprous  oxide  and  red-shifts  the  band  gap  thereby  enhancing  the  utilization  of  visi-
ble  light.  The  Cu2O/AS  composites  demonstrate  excellent  photocatalytic  performance  in  the  degradation
of red  water.  87.0%  of red  water  can  be  photocatalytically  degraded  by  Cu2O/AS  after  illumined  for  5  h and
a majority  of  organic  components  of  red  water  except  1,3,5-trinitrobenzene  were  degraded  according  to
GC–MS  analysis.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Cuprous oxide is a promising p-type semiconductor photocata-
yst having a narrow band gap of round 2.2 eV. It can be activated
y irradiation of visible light which constitutes about 50% of sun-

ight. Hence, there have been many studies on the photocatalytic
reatment of organic pollutants using cuprous oxide as the cat-
lyst [1–6]. Unfortunately, cuprous oxide, especially those with
anoscale structure, is deactivated by photocorrosion easily [7] if it

s not pretreated. Cuprous oxide is often combined with other oxide
emiconductors, such as titanium oxide [8–11], zinc oxide [12,13],
nd tungsten trioxide [14], to improve the optical properties and/or
tability. Some porous materials have also used as the support for

uprous oxide to promote the photocatalytic performance. Among
hese materials, silicon oxide [15], aluminum oxide [16], and acti-
ated carbon [17] are commonly used. The high specific surface

∗ Corresponding author. Tel.: +86 10 82323344; fax: +86 10 82323344.
E-mail addresses: zyh@cugb.edu.cn,  bjzhqw@sina.com (Y. Zhang).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.12.053
area is the main consideration. Moreover, porous minerals are sim-
ple and cheap. They have been widely applied as carriers for some
functional materials. In our previous study, Cu2O–ZnO was immo-
bilized on diatomite and its photocatalytic activity with regard to
the degradation of red water from 2,4,6-trinitrotoluene (TNT) man-
ufacturing was  improved [18].

Sepiolite, a hydrated magnesium silicate, is one of com-
mon  porous clay minerals with a typical structural formula
Mg4Si6O15(OH)2·6H2O [19] in the half-unit cell having a fibrous
morphology and intracrystalline channels. It has a large surface area
(more than 200 m2 g−1) [20] as well as high chemical and mechan-
ical stability. Therefore, sepiolite has been used to remove organic
contaminants in industry [19,21–23].  It has also been used as an
effective carrier for TiO2 and ZnO in the photocatalytic treatment
of pollutants [24–29].  However, the use of other photocatalysts like
Cu2O on sepiolite has not been reported.
In this study, acid activated sepiolite (AS) serves as the support
for cuprous oxide and simple precipitation is utilized to put Cu2O on
the acidized sepiolite. The structural characteristics and photocat-
alytic properties of these composites in the treatment of red water

dx.doi.org/10.1016/j.jhazmat.2011.12.053
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zyh@cugb.edu.cn
mailto:bjzhqw@sina.com
dx.doi.org/10.1016/j.jhazmat.2011.12.053
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Scheme 1. Schematic presentation f

roduced from TNT manufacturing are studied and our results sug-
est that these unique composites are promising photocatalysts for
egradation of red water.

. Experimental

.1. Preparation of Cu2O/sepiolite composites

Sepiolite obtained from Hebei Hongli Sepiolite Fiber Co., Ltd.
Hebei Province, China) was used as the supporting materials. It
as pretreated with acid to enable the fibers to disperse uniformly

nd increase the specific surface area. The pretreatment procedure
s as follows: (1) the sepiolite was put into deionized water (mass
atio of sepiolite and water was 1:10) and stirred for 30 min, then
ept it unstirred for 30 min. After that, the suspension was cen-
rifuged and the deposit in the bottom was removed. This procedure
as repeated for three times. (2) 300 g of the sepiolite washed by
eionized water was conditioned in 500 mL  of 1.0 mol  L−1 nitric
cid and stirred for 3 h at room temperature. (3) The acidized sus-
ension was centrifuged and rinsed with deionized water 15 times
o remove any trace of the acid. (4) The solid was dried for 5 h at
0 ◦C.

The Cu2O/AS samples were prepared as shown in Scheme 1.
.0 g of the acidic sepiolite (AS) powder was immersed in 50.0 mL  of
.5 mol  L−1 copper nitrate solution and 3 mL  of 5% (W/V) poly-vinyl-
yrrolidone (average molecular weight = 27,000–33,000, PK30).
he suspension was ultrasonicated for 1 h to get more impregna-
ion of Cu2+ on the AS. Then 50 mL  of 1.0 mol  L−1 sodium hydroxide
olution was added to the above suspension under vigorous stir-
ing. After 7.0 mL  of 1.0 mol  L−1 hydrate hydrazine was added and
tirred at 80 ◦C for 10 min, the precipitate was filtrated and washed
ith deionized water and absolute ethanol several times to remove
nwanted impurities. The product was dried in a vacuum desiccator
t 80 ◦C for 2 h. This sample was designated ASC-5.

For comparison, 50 mL  of the copper nitrate solution with differ-
nt concentrations (0.05, 0.1, 0.2, 0.3, and 0.4 mol  L−1) were used
o obtain Cu2O/AS samples with different loadings. Accordingly,
he concentrations of sodium hydroxide were 0.1, 0.2, 0.4, 0.6, and
.8 mol  L−1 and the doses of hydrate hydrazine were 0.7, 1.4, 2.4,
.2, and 5.6 mL.  The obtained samples were labeled as ASC-0.5,
SC-1, ASC-2, ASC-3, and ASC-4, respectively.

.2. Characterization of Cu2O/AS composites

Field-emission scanning electron microscopy (FE-SEM, Hitachi
-4500) was performed at 15 kV to determine the microstruc-
ures and morphologies of the composites. All the samples were
putter-coated with a thin layer of carbon before microscopic
bservation. The specific surface area (SBET) of the samples was

etermined by an automated surface area and pore size analyzer
Autosorb-1, Quantachrome, USA) based on nitrogen adsorption.
he crystal structure of the synthesized particles was deter-
ined by X-ray diffraction (XRD, Rigaku D/Max-2000) using Cu K�
 preparation procedure of Cu2O/AS.

radiation (2 kV rotating anode, � = 1.54056 Å). The samples were
scanned from 10◦ to 90◦ at a scanning rate of 8◦ min−1. The Fourier
transform infrared (FT-IR) spectra of the samples were acquired
on a PerkinElmer Spectrum 100 FT-IR spectrophotometer in the
4000–400 cm−1 range. The samples were made into potassium bro-
mide pellets. The ultraviolet–visible diffuse reflection absorptive
spectra (UV–vis/DRS) were obtained on a Lambda-900 UV/vis/NIR
spectrometer (PerkinElmer, USA) equipped with an integration
sphere at room temperature. The organic composition of the red
water was  determined by a Gas Chromatography–Mass Spectrom-
etry (GC–MS, GC6890N/MSD5973, Agilent Technologies, USA). A
DB-35 MS  capillary column with an inner diameter of 0.25 mm and
length of 60 m was  used in the separation system. Helium was intro-
duced as the carrier gas at a flow rate of 1.0 mL/min. 1.0 �L of the
sample was injected into the GC–MS operated from 40 to 280 ◦C at
a programmable rate of 2.0 ◦C min−1.

2.3. Photocatalytic treatment of red water

The red water produced from TNT manufacturing was obtained
from Dongfang Chemical Corporation (Hubei Province, China). The
photocatalytic experiments were carried out in a reactor equipped
with water cooling, magnetic stirring and a mercury tungsten
blended lamp (500 W)  positioned about 12.5 cm above the solu-
tion surface. Because the original red water is too dense and dark,
it would be hardly efficiently photocatalytically treated if it was not
diluted. In the typical photocatalytic experiment, 1.0 g of the photo-
catalyst was added to 200 mL  of red water diluted 200 times using
deionized water. The photocatalyst was  dispersed under ultrasonic
vibration for 10 min  in the absence of light. At the end of the
experiment, the suspension was  separated by filtration. The pho-
tocatalytic degradation rate of red water was  determined on an HP
Agilent 8453 UV–visible spectrophotometer (Hewlett Packard).

3. Results and discussion

3.1. XRD patterns of nanocomposites

The changes in the acidic sepiolite (AS) and Cu2O/AS composite
materials were monitored by XRD. Fig. 1 depicts the XRD patterns
from 10◦ to 80◦ acquired from the raw sepiolite and AS. Some peaks
weaken or vanish and some new peaks appear. It demonstrates
that the crystalline structure changes significantly after sepiolite
is treated with nitric acid and it results from magnesium ions
being replaced by hydrogen in sepiolite skeleton. A new phase
occurs. And in its structure unit, two Si–OH groups substitutes a
–Si–O–Mg–O–Si– group of original sepiolite [30].

Fig. 2 illustrates some differences in their crystalline structures
of different Cu2O loadings on the AS. Sepiolite exhibits the anhy-

dride according to Fig. 2(a). The sepiolite structure consists of an
individual fiber with Mg8Si12O30(OH)4 as the fundamental struc-
ture according to the JCPDS card No. 26-1227. In Fig. 2(b)–(g),
according to the JCPDS card No.05-0667, four other characteristic
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Fig. 1. XRD patterns of (a) raw sepiolite and (b) acidized sepiolite.

eaks are observed at 2� values of 36.5◦, 42.3◦, 61.6◦, and 73.5◦, cor-
esponding to the crystal planes of (1 1 1), (2 0 0), (2 2 0), and (3 1 1)
f crystalline cuprous oxide, respectively. The intensity increases
ith larger loading of cuprous oxide. The results imply that cuprous

xide with the cubic structure is stably loaded on the surface of
epiolite. It is interesting that in Fig. 2(d)–(g) a new peak in 12.6◦

elonging to neither sepiolite nor cuprous oxide emerges and the
ntensity is attenuated with increasing copper concentration. This

ay  be attributed to ion exchange between copper and hydrogen.
arts of copper ion superseding hydrogen ion were not reduced
nto Cu2O. A new sepiolite was formed. When the Cu concentration
s low (0.05 and 0.1 mol  L−1), the peak at 12.6◦ cannot be observed
ecause ion exchange is not enough to change the structure of sepi-
lite. However, if the Cu2+ concentration is too high (0.5 mol  L−1),
esides ion exchange, more copper ions were adsorbed on the sur-
ace of the fibers of sepiolite. Thus, a mass of cuprous oxide is
mmobilized on the sepiolite as evidenced by the change in the
iffraction of the composites. On the other hand, a decrease in the
epiolite peak intensity occurs due to the imperfect crystalloid by
isconnecting the fiber unit [31]. Furthermore, there are no impu-
ity peaks like copper and copper oxide shown in the patterns,
hich illustrate the high purity of the prepared cuprous oxide.
According to Scherrer formula, the crystalline sizes of Cu2O par-
icles in ASC-0.5, 1, 2, 3, 4, 5 are estimated at 43, 38, 34, 35, 31, 33 nm,
espectively. The particle sizes are almost uniform, demonstrating
he stability of the crystalline size of Cu2O synthesized under the

ig. 2. XRD patterns of acidized sepiolite and different Cu2O/AS: (a) AS, (b) ASC-0.5,
c)  ASC-1, (d) ASC-2, (e) ASC-3, (f) ASC-4, and (g) ASC-5.
Fig. 3. SEM images of (a) raw sepiolite and (b) acidized sepiolite.

same conditions. And Cu2O crystals with such big size cannot be
incorporated within layers of AS support but only immobilized on
the surface of sepiolite fibers.

3.2. SEM and BET surface area of nanocomposites

Sepiolite is a clay mineral with a fibrous morphology. The
changes occurring on the surface of the AS demonstrate whether
the cuprous oxide is supported on AS. The SEM images provide
information about the morphology of the composite materials
obtained from the acid activated sepiolite samples (Fig. 3). Fig. 3(a)
is the SEM image of the raw sepiolite and reveals stone-like aggre-
gation made up of lots of fibers with a size of about 100 nm and
a large specific surface area (SBET = 51.147 m2 g−1). When sepiolite
is processed with nitric acid, these fibers are cleaved (Fig. 3b) and
their specific surface areas increase slightly to 57.118 m2 g−1. Care-
ful examination of the SEM images of the Cu2O/AS composites in
Fig. 4 discloses that more cuprous oxide particles with a diame-
ter of 100–500 nm are immobilized on the acid-treated sepiolite as
the copper nitrate concentration increased. And the Cu2O particles
aggregate slightly. The specific surface area of Cu2O/AS are mea-
sured and listed in Table 1. The reduction observed from the specific
surface area gains with the increasing loadings of Cu2O, which is
associated with adsorption of slightly aggregating cuprous oxide

by the sepiolite mineral.

Scheme 1 summarizes our approach to prepare the photocata-
lyst composites. Cu2+ are firstly adsorbed on the acidized sepiolite
fibers and/or ion-exchange occurs with H+ in the sepiolite. It then
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Fig. 4. SEM images of different Cu2O/AS samples: (a) ASC-0.5, (b) ASC-1, (c) ASC-2, (d) ASC-3, (e) ASC-4, and (f) ASC-5.

Table 1
The specific surface areas of samples (SBET) and the photocatalytic degradation rate of red water by various samples after irradiated for 5 h (Dg).

Sample AS ASC-0.5 ASC-1 ASC-2 ASC-3 ASC-4 ASC-5

SBET (m2 g−1) 57.118 56.095 54.143 44.348 39.700 33.654 33.277
Dg  (%) – 64.4 71.7 76.3 83.6 85.5 87.0
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Fig. 6. (a) UV–vis DRS of pure Cu2O, AS and ASC-5 and (b) plots of (˛h�)2 versus h�
Fig. 5. FT-IR spectra of (a) acidized sepiolite (AS) and (b) Cu2O/AS (ASC-5).

eacts with OH− to generate Cu(OH)2 and deposits on the surface
f the sepiolite fibers when NaOH is added. When N2H4 is intro-
uced, Cu(OH)2 is reduced to CuOH and immediately decomposes

nto Cu2O immobilized on the sepiolite fibers by adsorption due to
he instability of CuOH. The mechanism is in agreement with the
xperimental result [the insert of Fig. 4(f)].

.3. FT-IR analyses of nanocomposites

To further characterize the structure of Cu2O/AS, ASC-5 is ana-
yzed using FT-IR. As shown in Fig. 5, bands at 3760–3580 cm−1

ttributed to the stretching vibration of Mg–OH in the Mg–O octa-
edron become weak. It suggests that Mg–OH is destroyed during
cid treatment of sepiolite. The peak at 3430 cm−1 is attributed
o the presence of zeolitic water in the mineral and the weak
tretching vibrations of –OH groups located in the Mg–O octahe-
ron appears at approximately 1660 cm−1 due to the loss of water
uring the acid treatment. On the other hand, the bending vibration
f –OH groups on the sepiolite surface and the stretching vibrations
f Si–O–Si in the Si–O tetrahedron at 1400 and 1010 cm−1 in AS are
eak but strengthened in the Cu2O/sepiolite composites. It may  be

aused by the recovery of the AS structure when Cu2+ ion exchanges
ith the sepiolite. This is supported by the XRD results. Further-
ore, as shown in Fig. 5b, the strong band at 630 cm−1 originates

rom the stretching vibrations of Cu–O in Cu2O. And the spectrum
onfirms the absence of cupric oxide which has a fingerprint band
t around 530 cm−1.

.4. UV–vis/DRS and band gaps of composites

The ultraviolet–visible diffuse reflectance absorptive spectra
UV–vis DRS) are used to characterize the optical absorbance of the
u2O/AS composite. Here, we analyze the UV–vis DRS of ASC-5 and
stimate the band gap. The absorption spectrum of ASC-5 is shown
n Fig. 6(a). An absorption edge exists at around 650 nm.  Cuprous
xide is loaded on sepiolite and the absorption edge appears red-
hifted to some extent, implying improved absorption of visible
ight. On the other hand, ASC-5 exhibits a lower absorbance in the
V range than pure Cu2O prepared with the similar approach due to

he smaller light absorption of sepiolite compared to cuprous oxide.
owever, ASC-5 can absorb more visible light relative to pure Cu2O,

evealing that AS promotes the utilization of visible light by Cu2O.
The optical band gap energy can be estimated using the follow-

ng equation for a semiconductor with a direct band gap [32]:
h� = C(h� − Eg)
1
2 (1)

here C is a constant which does not depend on the photon energy,
 is the absorbance coefficient, and Eg is the band gap energy.
of Cu2O and ASC-5.

The band gap is estimated from the intercepts of the tangents to
the (˛h�)2 versus photon energy (h�) plots. Fig. 6(b) depicts the
plots of (˛h�)2 versus h� for pure Cu2O and ASC. The direct band
gaps of ASC-5 and pure Cu2O are estimated to be 2.02 and 2.13 eV,
respectively. The slight red shift in the direct band gap occurs when
cuprous oxide is immobilized on the AS. It is attributed to the effects
of the carrier AS on the crystal structure. Because of the influence
of the interface of the AS on the growth direction of the crystals, the
active dominant facet of cuprous oxide is promoted and the surface
optical properties of the crystals are improved [18]. Consequently,
the minimum activate energies of Cu2O crystals are lowered and
their sensitivity of visible light is enhanced.

3.5. Photocatalytic activity of nanocomposites in treatment of red
water

The photocatalytic activity of Cu2O loaded on the acid-treated
sepiolite is assessed by monitoring the degradation of red water
from TNT manufacturing in an aqueous solution under visible light
irradiation. In our previous study, the direct photolysis rate of red
water is 4.91% when irradiated by visible light for 6 h in the absence
of photocatalysts, suggesting that photolysis was  negligible [18].

Red water from TNT manufacturing has complex constituents

and it is very difficult to determine the photocatalytic degradation
rate. In this study, we determine the degradation of red water by
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Fig. 8. Gas chromatography of red water (a) before and (b) after treated by ASC-5,
ig. 7. UV–vis spectra of the remaining red water treated by ASC-5 in different time.

easuring the UV–vis absorbance and calculate by the following
quation:

 (%) = C0 − Ct

C0
× 100 = A0 − At

A0
× 100 (2)

Here C0, Ct are the concentration of initial and residual red water
nd A0, At are their corresponding absorbance in the wavelength of
20 nm,  respectively.

Fig. 7 depicts the UV–vis results obtained from the red water
egraded by sample ASC-5, demonstrating that the red water has
een effectively photocatalytically degraded. At the wavelength of
20 nm,  the calculated degradation rate of red water is 87.0% after
he irradiation of 5 h. It is higher than the Cu2O/diatomite sam-
le (33.3%) prepared by the same method in our previous work
18]. The integral form of the pseudo-first-order rate equation is
enerally expressed as follows:

Ln
At

A0
= k × t (3)

here A0 is the initial absorbance of red water and At is the residual
ne. k is the observed first-order rate constant. The insert of Fig. 7
hows an observed first-order rate constant (k) of 0.55525 h−1 and a
orrelation coefficient of 0.98205. From these data, it appears to be
n agreement with the experimental data on the photodegradation
f red water and there is a big observed first-order reaction rate.
t implies that red water can be efficiently degraded by Cu2O/AS
omposite photocatalysts.

To further investigate the degradation of red water, GC–MS is
onducted to detect the remaining components in the red water
reated by the photocatalyst. The mass spectra are utilized to
dentify the components according to the NIST05 mass spectral
ibrary database. Fig. 8 shows the GC–MS analysis results before
nd after treatment with ASC-5. Over 12 components, such as TNT,
,5-dinitro-p-toluidine, 2,6-dinitrotoluene, 2,5-dinitrotoluene,
-nitrotoluene, 4-nitrotoluene, 3-methyl-6-nitrobenzoic acid,
-methyl-2-nitrophenol, 3-methyl-2-nitrophenol, 2-methyl-3,5-
initrophenol, 2,4-dinitrotoluene, and 1,3,5-trinitrobenzene, exist

n the initial red water, but only 1,3,5-trinitrobenzene can be
etected in the red water after photocatalytic degradation by
ample ASC-5. Hence, a majority of organic molecules have been
egraded. When photocatalyst Cu2O absorbs the radiation the
isible lights, pairs of negative-electron (e−), and positive-hole
h+) pair will be produced. And the hydroxyl radicals (OH•) are

+ −
enerated by the reaction between holes (h ) and adsorbed OH .
he organic pollutants react with OH· and are oxidized into CO2,
2O, or smaller molecules to achieve photocatalytic degradation.

n this work, organic molecules in the red water reacted with OH·
and (c) the mass spectrum of the compounds with the retention time of 63.5 min.

under the irradiation of the visible light, and were oxidized into
CO2 and H2O partially or entirely.

The photocatalytic degradation of red water using samples with
different Cu2O loadings is shown in Fig. 9 and Table 1. It reveals
the excellent photocatalytic activity of the sample ASC-3, ASC-4,

and ASC-5 and a slight increase among them. Our data suggest that
ASC-5 is the comparatively optimal sample.
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Fig. 9. UV–vis spectra of the remaining red

. Conclusions

Cu2O/AS composites have been firstly prepared successfully by
 simple deposition method. The acid treated sepiolite (AS) fiber is
n excellent carrier of Cu2O particle and improves efficiently the
hotocatalytic activity of Cu2O. XRD patterns illustrate that the AS
tructure changes when cuprous oxide interacts with the AS by
hemical reactions besides physical adsorption. UV–vis DRS analy-
is reveals that AS improves the optical properties of cuprous oxide
nd red-shifts the band gap, thereby ameliorating the utilization
f visible light. The Cu2O/AS samples have excellent photocatalytic
erformance in the degradation of red water from TNT manufac-
uring. In the photocatalytic treatment of red water, a majority of
rganic molecules except 1,3,5-trinitrobenzene are degraded effi-
iently as revealed by GC–MS. The Cu2O/sepiolite composites are
ery promising and competitive photocatalyst candidates in the
reatment of red water from TNT manufacturing.
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