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a  b  s  t  r  a  c  t

In  this  paper,  the TiO2 nanoparticles  were  immobilized  on  diatomite  (DIA)  via  a  typical  hydrolysis  pre-
cipitation  process  using  TiCl4 as precursor.  The  as-prepared  composites  were  characterized  by  X-ray
diffraction  (XRD),  scanning  electron  microscopy  (SEM),  transmission  electron  microscopy  (TEM)  and  X-
ray  photoelectron  spectroscopy  (XPS).  TiO2 nanoparticles  with  the  average  grain  size of  around  7–14  nm
were  well  deposited  on the surface  of  diatomite.  The  photocatalytic  activity  toward  the  reduction  of
eywords:
hotocatalysis
r (VI)
iO2

iatomite

aqueous  Cr  (VI) was  demonstrated  under  UV light.  The  influence  of  initial  pH  values,  catalyst  amount,
illumination  intensity  and  initial  concentration  of Cr  (VI)  on  photocatalytic  reduction  of  Cr  (VI)  were  inves-
tigated.  Compared  with  the commercial  TiO2 (P25, Degussa),  the  TiO2/DIA  composites  had  better  reactive
activity  because  of their  relatively  higher  adsorption  capacity.  Furthermore,  the  prepared  photocatalyst
exhibited  relatively  good  photocatalytic  stability  depending  on the  reusability  tests.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nowadays, heavy metals, such as cadmium, zinc, copper, lead,
ercury, nickel and chromium, have been excessively released

nto environment because of the rapid industrialization [1]. Cr (VI)
s a highly toxic pollutant causing carcinogenic, mutagenic and
eratogenic effects on specific organisms. And the maximum con-
entration authorized in drinking water in China is restricted at
.05 mg/L. In contrast, Cr (III) has much less toxicity than that of Cr
VI) and can be easily precipitated as Cr (OH)3 in neutral or alkaline
olutions [2]. However, the deficiencies of high cost or secondary
ollution exist in the traditional chemical or biological degradation
ethods [3,4]. Hence, it is highly desirable to explore an economical

nd efficient technique for the reduction of Cr (VI).
Titanium dioxide has been widely used as a photocatalytic mate-

ial due to its photocatalytic stability, low cost and nontoxicity
5]. It has been proved that most of the organic pollutants, such
s phenol, formaldehyde, dyes and pesticides, can be mineralized
y TiO2 [6–8]. Numerous previous literatures have proved that

oxic Cr (VI) can be reduced to a less harmful state Cr (III) through
he photocatalytic reduction by pure TiO2 nanoparticles [9,10].
owever, pure TiO2 nanoparticles are easy to agglomerate and diffi-

∗ Corresponding author. Fax: +86 10 62330972.
∗∗ Corresponding author. Fax: +86 10 82375166.

E-mail  addresses: shuilinzh@sina.com (S. Zheng), szmcumtb@hotmail.com
Z. Sun).

ttp://dx.doi.org/10.1016/j.apsusc.2014.05.070
169-4332/© 2014 Elsevier B.V. All rights reserved.
cult to be separated and recycled in practical applications. Natural
porous minerals with a high surface area and strong adsorption
ability can be used as the supports to load the TiO2 nanoparti-
cles. In recent years, a number of studies have showed that the
combination of TiO2 with these materials not only solved the TiO2
nanoparticles agglomeration problem, but also improved the pho-
tocatalytic performance of pure TiO2 [11–14]. Due to its unique
microporous structure, high specific surface area, strong sorption
ability and chemical stability, diatomite (DIA) has been widely used
as a natural adsorbent for heavy metals removal in water purifica-
tion [15–17].

In  the present work, nano-TiO2/DIA composites are synthesized
through a typical hydrolysis precipitation process using TiCl4 as
precursor. The compositions, structure, and morphology of the
obtained products were characterized by XRD, SEM, TEM and XPS.
The photocatalytic reactivity was  investigated by the reduction of
aqueous Cr (VI) as a target pollutant. Besides, the reusability tests
were performed in order to determine the photocatalytic stability
of the prepared catalysts.

2.  Experimental

2.1. Preparation of DIA-supported TiO2
DIA used in this study was  collected from Linjiang (Jilin province,
China) and acid leached to remove impurities. Stock solution
(100 mg/L) of Cr (VI) was prepared by dissolving analytic grade

dx.doi.org/10.1016/j.apsusc.2014.05.070
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.05.070&domain=pdf
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in Table 1.
ooling water outlet, 3: quartz tube, 4: quartz reactor, 5: UV lamp, 6: magnetic
tirrer).

2Cr2O7 (Beijing Chemical Reagent Plant) into distilled water.
xperimental solutions of the desired concentration were obtained
y successive dilutions. For comparison, pure commercial TiO2
P25, Degussa AG, Germany) particles were also used as reference.
he other reagents were of analytical grade and distilled water was
sed in this experiment. A description of the synthesis the nano-
iO2/diatomite composite by a hydrolysis precipitation process has
een reported previously [18]. Briefly, diatomite was mixed with
istilled water in a stirring ice-water bath. Meanwhile, HCl was
dded into the suspension. Then, a certain amount of (NH4)2SO4
nd TiCl4 were dropped slowly into the mixture. NH3·H2O was  used
o adjust pH value for the hydrolysis precipitation reaction. The
nal powders were washed free of chloride anions as determined
y AgNO3 (0.1 mol/L), dried in an oven at 105 ◦C for 10 h. Finally,
he TiO2 particles immobilized on DIA were crystallized through
alcinations at different temperatures for 2 h. For comparison, pure
iO2 powder was  also prepared by the same procedure without the
ddition of DIA.

.2.  Photocatalytic reactor and experimental procedure

A  water-jacket system equipped with a high-pressure UV lamp
as used in the photocatalytic reaction. There were eight 150 mL

ylindrical quartz reactors around the cylindrical-quartz tube as
hown in Fig. 1. The pH of Cr (VI) reaction solution for each exper-
ment was adjusted together in order to maintain the same pH
alues of Cr (VI) solution in eight containers. 1000 mL  of Cr (VI)
orking solution was diluted from stock solution (100 mg/L) of
r (VI) before each experiment and the solution pH was  adjusted
y dilute HCl or NaOH and monitored by a pH meter (FE20,
ettler-Toledo Instruments Co., Ltd) during the dilution process.

he catalysts and 100 mL  of Cr (VI) reaction solution were added
nto each of eight cylindrical quartz reactors and stirred by a mag-
etic stirrer. Absorption experiments were carried out in dark with
atalyst. Blank tests were investigated by the same procedure, but
ithout the addition of catalyst. After a period of reaction, one of

he eight cylindrical quartz reactors was moved out periodically
nd 5 mL  of the suspensions were centrifuged (TDL-5-A, Shanghai
nting Co., Ltd) and filtered with a 0.45 �m membrane filter to
emove sample particles and then 2 mL  of dissolved Cr (VI) solu-
ion was collected and analyzed individually. The membrane filter
as no absorption for Cr (VI) according to the previous literatures

19–21]. The concentration of Cr (VI) was determined by diphenyl-
arbazide (DPC) colorimetric method at 540 nm and the detection
imit is 5 �g/L [22–25].
Fig. 2. XRD patterns of the samples: DIA powder; nano-TiO2/DIA composites power
calcined at 300 ◦C (CDIA1), 400 ◦C (CDIA2), 500 ◦C (CDIA3), 600 ◦C (CDIA4), 700 ◦C
(CDIA5), respectively.

2.3. Analysis and characterizations

The  structure of the samples was  characterized by X-ray
diffraction (XRD, Rigaku D/max 2500) using Cu-K� radiation
(� = 1.54178 Å).  The morphology of samples was measured by
scanning electron microscopy (SEM, S-4800 Hitachi, Japan). The
transmission electron microscopy (TEM) measurements were car-
ried out on a JEM-1200EX (JEOL, Japan) electron microscope
operating at an acceleration voltage of 120 kV. The specific surface
area and pore size distribution of samples were measured by a BET
nitrogen adsorption–desorption isotherm measurement (BET, JW-
BK, Jingwei). Element state in the samples was  measured by X-ray
photo spectrometer (XPS, ESCALAB 250Xi, Thermo Scientific) using
Mg-K� radiation (1253.6 eV). The binding energy calibration was
performed using C1s peak as a reference.

3. Results and discussion

3.1.  Characterizations of samples

The crystal phase of DIA and nano-TiO2/DIA composites calcined
at different temperatures is shown in Fig. 2. The XRD pattern of
DIA was  well in agreement with that of the characteristic amor-
phous SiO2. No peaks of other impurities but only the quartz were
observed and the purity of DIA was  high. As for nano-TiO2/DIA com-
posites, the peaks corresponding to anatase TiO2 were observed
except for that of quartz and amorphous SiO2. The sample cal-
cined at 300 ◦C was composed of amorphous phase of anatase. With
increasing the calcination temperature, the degree of TiO2 crystal-
lization in composites was improved gradually. Based on the XRD
results, the crystal size of the TiO2 was  determined according to the
Scherrer equation [26], and the calculated results were summarized
The  calcination is an important means to promote the transfor-
mation of amorphous to crystalline and adjust the grain sizes [27].
From Table 1, the crystal size of TiO2 in samples was increased from
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Fig. 3. SEM micrograph of DIA (a and b

.43 nm to 13.08 nm with the calcination temperature increasing

rom 400 ◦C to 700 ◦C. According to the previous literature, TiO2 of
arger crystal size and higher anatase content exhibits a relatively
igher catalytic efficiency [28]. Therefore, 700 ◦C was  chosen as the
ptimum calcinations condition.

able 1
rystal parameters and grain size for nano-TiO2/DIA composites calcined at different
emperatures.

Sample Temperature (◦C) 2� (◦) B(1 0 1), TiO2 D(1 0 1) (nm)

CDIA1 300 – – –
CDIA2  400 25.346 0.018919 7.43
CDIA3  500 25.386 0.017087 8.23
CDIA4  600 25.327 0.014608 9.63
CDIA5  700 25.363 0.010751 13.08
A5 (c and d), pure TiO2 (e) and P25 (f).

Fig. 3 presents the SEM micrographs of DIA (Fig. 3a and b),
CDIA5 (Fig. 3c and d), pure TiO2 (Fig. 3e) and P25 (Fig. 3f). As
can be observed from Fig. 3a and b, the DIA possesses a disk-like
shape and highly ordered porous structure. As shown in Fig. 3c
and d, some micro-aggregate particles appear on the surface of the
composites due to the introduction of the TiO2 particles. Serious
agglomeration of the particles was found from the SEM images
of pure TiO2 and P25. Compared with pure TiO2, it can be seen
that the distribution of TiO2 nanoparticles are relatively uniform.
The chemical and BET analysis results of samples before and after
loading of TiO2 are summarized in Table 2. The content of TiO2 in

CDIA5 is up to 15.02 wt%. And the BET surface area of the com-
posite materials increases after TiO2 deposition. However, the pore
size decreases because of the immobilization of the TiO2 particles
on DIA.
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Table  2
Chemical compositions and physical structural data of DIA and CDIA5.

DIA CDIA5

Chemical compositions (wt%) Main: SiO2, 91.36;
TiO2, 0.20; Fe2O3,
0.32; CaO, 0.30

Main: SiO2, 81.46;
TiO2, 15.02; Fe2O3,
0.12; CaO, 0.31
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BET  surface area (m2/g) 20.88 29.70
Pore size (nm) 8.85 8.06

Fig. 4 shows the XPS survey spectra of DIA (a) and CDIA5 (b). The
haracteristic peaks for O, Si and C can be observed from Fig. 4(a).
ompared with the XPS survey spectrum of DIA, the characteris-
ic peaks for Ti were also observed in composite materials, which
urther confirmed the existence of TiO2 in the sample. The photo-
lectron peaks for Ti2p, O1s, Si2p and C1s were located at binding
nergies of 458.3 eV, 532.7 eV, 103.6 eV and 284.8 eV, respectively
29,30]. No obvious shift of binding energy of Si2p was observed
fter the introduction of the TiO2 particles according to Fig. 5A. It is
oncluded that the immobilization of TiO2 on DIA may  be a physical
recipitation and adsorption process. The O1s spectrum of CDIA5
isplayed two distinct peaks as shown in Fig. 5B(b). The higher peak
f the binding energy at 532.8 eV is related to the hydroxyl group.
he other peak at 529.8 eV is attributed to Ti O in TiO2 [31]. As dis-
layed in Fig. 5C(b), the binding energies of Ti(2p3/2) and Ti(2p1/2)
xhibit two peaks centered at 458.3 eV and 464.3 eV, respectively,
uggesting the existence of pure anatase TiO2 in composite material
32].

TEM images of pure TiO2 powder (a) and CDIA5 (b) are shown in
ig. 6. From Fig. 6a, the particle size of pure TiO2 powder is around
0–50 nm.  The TiO2 nanoparticles without carrier tend to aggregate
ogether due to the strong physical interaction. From Fig. 6b, the
iO2 nanoparticles distributed on the surface or in the pores of DIA.
nly a small number of fine particles accumulate together loosely.
ence, DIA as the catalyst carrier also plays a dispersant role in the
reparation of the composite catalysts.

.2. Effect of pH on the Cr (VI) degradation

The solution pH plays an important role in the reduction of Cr
VI). To determine the optimum pH, a batch of experiments has
een performed by varying the pH in the range of 1–10 on the
bsorption and reduction of Cr (VI). The influence of pH on the

dsorption and reduction of Cr (VI) on the CDIA5 is presented in
ig. 7.

As  shown in Fig. 7, it can be seen that the adsorption and pho-
ocatalytic efficiency decreased gradually with changing the initial
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Fig. 4. XPS survey scan spectrum of DIA (a) and CDIA5 (b).
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Fig. 5. High resolution XPS spectra of Si2p (A), O1s (B) and Ti2p(C) peaks of DIA (a)
and CDIA5 (b).

pH from 2 to 10. The optimum pH is 2.1 and the removal efficiency
is up to 57.83%. The photocatalytic reduction rate of Cr (VI) started
to decline when pH < 2. According to the previous literatures, the
relevant reactions during the reduction of Cr (VI) by TiO2 can be
expressed as follows [33,34]:
TiO2
hv−→e− + h+ (1)

Cr2O7
2− + 14H+ + 6e− → 2Cr3+ + 7H2O (2)
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H O + 4h+ → O + 4H+ (3)
2 2

Under  UV light, the electron and hole pairs generate in the sur-
ace of TiO2 as shown in the Eq. (1). From Eq. (2), the greater the
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ig. 7. Influence of initial pH on the Cr (VI) removal effect (experimental con-
itions:  initial [Cr (VI)] = 10 mg/L, catalyst amount = 2 g/L, reaction time = 180 min,
dsorption in dark and UV light = 300 W,  respectively).
Fig. 8. Effect of initial pH on the zeta potential of CDIA5.

concentration of H+ in solution is, the higher the degradation effi-
ciency of Cr (VI) is. Hence, the photocatalytic reduction of Cr (VI)
can be enhanced at acid condition. However, excessive H+ might
inhibit the Eq. (3) causing the decrease of the reduction efficiency
of Cr (VI).

Fig.  8 displays the change of zeta potential of CDIA5 at different
pH values. From Fig. 8, the pHzpc (pH of zero point charge) of CDIA5
is 2.66. When pH < 2.66, the surface of composite is electropositive,
which is in favor of the adsorption of the Cr (VI) anions (Cr2O7

2−).
The improvement of the adsorption can promote photocatalytic
reduction efficiency of Cr (VI) [35]. On the contrary, the surface of
catalyst becomes electronegative when pH > 2.66, and the adsorp-
tion capacity for Cr (VI) anions decreases, which is in line with the
previous experimental results. It is concluded that the adsorption
capacity for Cr (VI) anions of samples played an important role in
the photocatalytic reaction.

3.3.  Effect of the amount of samples
The effect of the catalysts amount on the photocatalytic reduc-
tion rate of Cr (VI) is displayed in Fig. 9. A blank test without
catalysts was also carried out as reference. The catalysts amount
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Fig. 9. Influence of catalysts amount on the removal effect of Cr (VI) (experimental
conditions:  [Cr (VI)] = 10 mg/L, UV light intensity = 300 W,  pH = 2.1).
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where  r0 is the initial photocatalytic degradation efficiency
(mg/(L min)); k is the apparent reaction efficiency constant
(mg/(L min)); and K is the reaction equilibrium constant (L/mg).
ig. 10. Influence of the illumination intensity and on the removal effect of Cr (VI)
experimental conditions: catalyst amount = 2 g/L, [Cr (VI)] = 10 mg/L, pH = 2.1).

f P25 sample was 0.75 g/L, which is equal with the TiO2 content of
 g/L of CDIA5.

As  described in Fig. 9, the removal rate of Cr (VI) under UV
ight is unsatisfactory under low catalysts amount, which is in
greement with the previous results [36,37]. With increasing the
atalysts amount, the reduction rate of Cr (VI) increases gradually.
he increase of the catalysts amount provides more photocatalytic
eactive sites for the reduction of Cr (VI). The reduction rate is up
o about 100% within 150 min  when the catalyst amount is 5 g/L.
n the other hand, the commercial TiO2 (P25) possesses a lower

emoval efficiency compared with CDIA5 under the same catalyst
TiO2) amount. According to the previous adsorption tests, it is
uggested that the CDIA5 sample exhibited a better photocatalytic
ctivity for Cr (VI) due to its higher adsorption capacity.

.4. Effect of the illumination intensity

Fig. 10 shows the Cr (VI) reduction by CDIA5 composite when
ntensity of UV illumination is varied from 0 to 500 W.  It is evident
hat the maximum adsorption removal rate of Cr (VI) is less than
0% in dark within 150 min. The photocatalytic reduction of Cr (VI)

s significantly improved under UV light. It is also observed that the
emoval rate of Cr (VI) increases with increasing the illumination
ntensity. It is attributed to the fact that more electron–hole pairs
re generated under higher illumination intensity. Therefore, more
lectrons will be available for the photocatalytic reduction of Cr
VI). The removal rate of Cr (VI) reaches almost 98% within 150 min
nder the illumination intensity of 500 W.

.5.  Effect of Cr (VI) concentration

Fig.  11 displays the influence of initial Cr (VI) concentration
arying from 5 mg/L to 30 mg/L on the degradation effect of cat-
lysts. It is indicated that the Cr (VI) removal efficiency strongly
epends on the initial Cr (VI) concentration. With increasing the Cr
VI) concentration, the removal rate of Cr (VI) gradually decreases.
n the other hand, the reaction rate becomes slower under higher
oncentration.

From Fig. 11, almost 100% Cr (VI) in solution has been reduced

o Cr (III) at concentration of 5 mg/L, 10 mg/L and 15 mg/L under
he UV illumination within 240 min. To identify the absorption and
eduction of chromium in catalyst after the photocatalytic reac-
ion, the dry CDIA5 sample after Cr (VI) degradation was  adopted
Fig. 11. Influence of initial Cr (VI) concentration on the removal effect of Cr
(VI)  (experimental conditions: catalyst amount = 2 g/L, UV light intensity = 500 W,
pH = 2.1).

to XPS analysis. High resolution XPS spectra of Cr peaks are shown
in Fig. 12. The bands at binding energy of 577.2 eV, 580.6 eV and
585.9 eV are attributed to Cr (III) 2p3/2, Cr (VI) 2p3/2 and Cr (III)
2p1/2, respectively [38–41]. The total Cr concentration in the sam-
ple determined by XPS is 0.13 at%. Based on the corresponding
peak area, the proportion of Cr (III) and Cr (VI) are 55.6% and
44.4%, respectively [42]. The result confirms that the adsorption
and reduction of Cr (VI) occurred simultaneously under the UV
illumination.

3.6. Kinetic modeling

It  has been reported that heterogeneous photocatalytic reaction
follows the Langmuir–Hinshelwood (L–H) kinetic model [43–45],
which can be expressed as the following equation:

r0 = −dC

dt
= kKC0

1 + KC
(4)
Fig. 12. High resolution XPS spectrum of Cr on the surface of CDIA5 catalyst (exper-
imental conditions: catalyst amount = 2 g/L, UV light intensity = 500 W,  pH = 2.1,
reaction time = 240 min).
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ig. 13. The photocatalytic reduction of Cr (VI) kinetics curve in different initial
oncentration.

hen the solution is highly diluted into a millimolar solution, the
enominator of Eq. (4) is neglected and the equation can be sim-
lified to an apparent first order equation [46,47]:

0 = −dC

dt
= kKC0 = kapC0 (5)

here  kap is the apparent rate constant of a pseudo first order
eaction. So Eq. (5) can be transformed to a first order equation:

n
(

C0

C

)
= kapt (6)

The  plot ln(C0/C) versus t for the concentrations 5 mg/L,10 mg/L,
5 mg/L, 20 mg/L and 30 mg/L describes a linear behavior as
escribed in Fig. 13. The correlation coefficients (R2) indicate that
he photocatalytic reduction of Cr (VI) follows the pseudo first
rder reaction. The slope of the linear regression equals the appar-
nt first-order rate constant kap and the calculated parameters are
ummarized in Table 3.

The Eq. (4) can be rearranged into linear form:

1
r0

= 1
kKC0

+ 1
k

(7)

The  linearization of the curve in Fig. 14, plotting 1/r0 versus
/C0, from 5 mg/L to 15 mg/L of initial concentration of the Cr (VI)
escribes a linear behavior with correlation coefficient R2 = 0.995.

t is indicated that the photocatalytic reduction of Cr (VI) by CDIA5
tted well with the L–H kinetic model.

.7. Photocatalytic stability
It  is important to investigate the reusability of the as-
ynthesized catalyst in order to evaluate the photocatalytic
erformance. Therefore, the CDIA5 was recycled for 4 times in the
ame photocatalytic reaction. After each reuse cycle, the photocat-

able 3
he  relevant parameters obtained from kinetic study.

C0 (mg/L) kap (min−1) r0 (mg/(L min))

5 0.04128 0.2064
10 0.02499 0.2499
15 0.01828 0.2742
20 0.00872 0.1744
30 0.00262 0.0786
Fig. 15. Influence of reuse of catalyst on the removal of Cr (VI) (experimental con-
ditions: catalyst amount = 2 g/L, UV light = 500 W,  pH 2.1, [Cr (VI)] = 10 mg/L).

alyst was  separated from the suspension by filtration and dried at
105 ◦C for 10 h. The photocatalytic performance of the CDIA5 in the
four reuse cycles was  displayed in Fig. 15. Obviously, the photo-
catalytic reduction efficiency of Cr (VI) decreases gradually with
the increase in the number of reuse cycles. This should result from
the decrease of adsorption and active sites on the surface of CDIA5
because of the deposition of Cr(OH)3 generated after photocatalytic
reactions. However, the removal efficiency of CDIA5 is still greater
that 50% after four consecutive recycle uses, which indicates that
the composites are stable photocatalysts for repeated usage.

4.  Conclusions

TiO2 nanoparticles were immobilized on DIA by a typical
hydrolysis precipitation process and the prepared nano-TiO2/DIA
composites were characterized by XRD, SEM, TEM and XPS. The
TiO2 nanoparticles are successfully immobilized on the surface of

DIA in the crystal of anatase and the average grain size of nano-TiO2
is 13.08 nm when the calcination temperature is 700 ◦C. Cr (VI) in
solution can be effectively reduced by nano-TiO2/DIA composites
under UV illumination. The reduction efficiency of Cr (VI) increases
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ith increasing the amount of samples, increasing the illumination
ntensity and decreasing initial concentrations of Cr (VI). The pho-
ocatalytic reduction rate of Cr (VI) is up to 100% within 150 min
nder the illumination intensity of 300 W.  The composites have a
etter activity than the commercial TiO2 (P25) because of disper-
ive effect and high adsorption capacity of DIA. The removal kinetics
or the reduction of Cr (VI) fit well with the Langmuir–Hinshelwood
inetic model within the Cr (VI) concentrations range of 5–15 mg/L.
he reusability tests of catalyst indicate that the composites are
table photocatalysts for repeated usage.
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