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In this paper, the TiO, nanoparticles were immobilized on diatomite (DIA) via a typical hydrolysis pre-
cipitation process using TiCl, 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). TiO, 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
aqueous Cr (VI) was demonstrated under UV light. The influence of initial pH values, catalyst amount,

gﬁﬁ‘:g)c;d;lysis illumination intensity and initial concentration of Cr (VI) on photocatalytic reduction of Cr (VI) were inves-
Cr (VD) tigated. Compared with the commercial TiO; (P25, Degussa), the TiO,/DIA composites had better reactive
TiO, activity because of their relatively higher adsorption capacity. Furthermore, the prepared photocatalyst
Diatomite exhibited relatively good photocatalytic stability depending on the reusability tests.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, heavy metals, such as cadmium, zinc, copper, lead,
mercury, nickel and chromium, have been excessively released
into environment because of the rapid industrialization [1]. Cr (VI)
is a highly toxic pollutant causing carcinogenic, mutagenic and
teratogenic effects on specific organisms. And the maximum con-
centration authorized in drinking water in China is restricted at
0.05 mg/L. In contrast, Cr (IIl) has much less toxicity than that of Cr
(VI) and can be easily precipitated as Cr (OH); in neutral or alkaline
solutions [2]. However, the deficiencies of high cost or secondary
pollution exist in the traditional chemical or biological degradation
methods [3,4]. Hence, itis highly desirable to explore an economical
and efficient technique for the reduction of Cr (VI).

Titanium dioxide has been widely used as a photocatalytic mate-
rial due to its photocatalytic stability, low cost and nontoxicity
[5]. It has been proved that most of the organic pollutants, such
as phenol, formaldehyde, dyes and pesticides, can be mineralized
by TiO, [6-8]. Numerous previous literatures have proved that
toxic Cr (VI) can be reduced to a less harmful state Cr (III) through
the photocatalytic reduction by pure TiO, nanoparticles [9,10].
However, pure TiO, nanoparticles are easy to agglomerate and diffi-
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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 TiO, nanoparti-
cles. In recent years, a number of studies have showed that the
combination of TiO, with these materials not only solved the TiO,
nanoparticles agglomeration problem, but also improved the pho-
tocatalytic performance of pure TiO, [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-TiO,/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 TiO,
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
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Fig. 1. Schematic diagram of photocatalysis reactor (1: cooling water entrance, 2:
cooling water outlet, 3: quartz tube, 4: quartz reactor, 5: UV lamp, 6: magnetic
stirrer).

K,Cr,07 (Beijing Chemical Reagent Plant) into distilled water.
Experimental solutions of the desired concentration were obtained
by successive dilutions. For comparison, pure commercial TiO,
(P25, Degussa AG, Germany) particles were also used as reference.
The other reagents were of analytical grade and distilled water was
used in this experiment. A description of the synthesis the nano-
TiO,/diatomite composite by a hydrolysis precipitation process has
been reported previously [18]. Briefly, diatomite was mixed with
distilled water in a stirring ice-water bath. Meanwhile, HCl was
added into the suspension. Then, a certain amount of (NH4),SO4
and TiCl4 were dropped slowly into the mixture. NH3-H, O was used
to adjust pH value for the hydrolysis precipitation reaction. The
final powders were washed free of chloride anions as determined
by AgNOs3 (0.1 mol/L), dried in an oven at 105°C for 10 h. Finally,
the TiO, particles immobilized on DIA were crystallized through
calcinations at different temperatures for 2 h. For comparison, pure
TiO, powder was also prepared by the same procedure without the
addition of DIA.

2.2. Photocatalytic reactor and experimental procedure

A water-jacket system equipped with a high-pressure UV lamp
was used in the photocatalytic reaction. There were eight 150 mL
cylindrical quartz reactors around the cylindrical-quartz tube as
shown in Fig. 1. The pH of Cr (VI) reaction solution for each exper-
iment was adjusted together in order to maintain the same pH
values of Cr (VI) solution in eight containers. 1000 mL of Cr (VI)
working solution was diluted from stock solution (100 mg/L) of
Cr (VI) before each experiment and the solution pH was adjusted
by dilute HCl or NaOH and monitored by a pH meter (FE20,
Mettler-Toledo Instruments Co., Ltd) during the dilution process.
The catalysts and 100 mL of Cr (VI) reaction solution were added
into each of eight cylindrical quartz reactors and stirred by a mag-
netic stirrer. Absorption experiments were carried out in dark with
catalyst. Blank tests were investigated by the same procedure, but
without the addition of catalyst. After a period of reaction, one of
the eight cylindrical quartz reactors was moved out periodically
and 5 mL of the suspensions were centrifuged (TDL-5-A, Shanghai
Anting Co., Ltd) and filtered with a 0.45 wm membrane filter to
remove sample particles and then 2 mL of dissolved Cr (VI) solu-
tion was collected and analyzed individually. The membrane filter
has no absorption for Cr (VI) according to the previous literatures
[19-21]. The concentration of Cr (VI) was determined by diphenyl-
carbazide (DPC) colorimetric method at 540 nm and the detection
limit is 5 pg/L [22-25].
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Fig. 2. XRD patterns of the samples: DIA powder; nano-TiO, /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-Ko radiation
(A=1.54178A). 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-Ka radiation (1253.6eV). 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-TiO, /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 SiO,. No peaks of other impurities but only the quartz were
observed and the purity of DIA was high. As for nano-TiO,/DIA com-
posites, the peaks corresponding to anatase TiO, were observed
except for that of quartz and amorphous SiO,. The sample cal-
cined at 300 °C was composed of amorphous phase of anatase. With
increasing the calcination temperature, the degree of TiO, crystal-
lization in composites was improved gradually. Based on the XRD
results, the crystal size of the TiO, was determined according to the
Scherrer equation [26], and the calculated results were summarized
in Table 1.

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 TiO, in samples was increased from
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Fig. 3. SEM micrograph of DIA (a and b), CDIA5 (c and d), pure TiO; (e) and P25 (f).

7.43nm to 13.08 nm with the calcination temperature increasing
from 400 °C to 700 °C. According to the previous literature, TiO, of
larger crystal size and higher anatase content exhibits a relatively
higher catalytic efficiency [28]. Therefore, 700 °C was chosen as the
optimum calcinations condition.

Table 1
Crystal parameters and grain size for nano-TiO;/DIA composites calcined at different
temperatures.

Sample Temperature (°C) 260 (°) B(101), TiO2 D101y (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

Fig. 3 presents the SEM micrographs of DIA (Fig. 3a and b),
CDIA5 (Fig. 3c and d), pure TiO, (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. 3¢
and d, some micro-aggregate particles appear on the surface of the
composites due to the introduction of the TiO, particles. Serious
agglomeration of the particles was found from the SEM images
of pure TiO, and P25. Compared with pure TiO,, it can be seen
that the distribution of TiO, nanoparticles are relatively uniform.
The chemical and BET analysis results of samples before and after
loading of TiO, are summarized in Table 2. The content of TiO; in
CDIAS is up to 15.02 wt%. And the BET surface area of the com-
posite materials increases after TiO, deposition. However, the pore
size decreases because of the immobilization of the TiO, particles
on DIA.
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Table 2
Chemical compositions and physical structural data of DIA and CDIA5.

DIA CDIAS

Main: SiO,, 91.36;
TiO3, 0.20; Fe, 03,

Main: SiO,, 81.46;
TiO,, 15.02; Fe, 03,

Chemical compositions (wt%)

0.32; Ca0o, 0.30 0.12; Ca0o, 0.31
BET surface area (m?/g) 20.88 29.70
Pore size (nm) 8.85 8.06

Fig. 4 shows the XPS survey spectra of DIA (a) and CDIAS5 (b). The
characteristic peaks for O, Si and C can be observed from Fig. 4(a).
Compared with the XPS survey spectrum of DIA, the characteris-
tic peaks for Ti were also observed in composite materials, which
further confirmed the existence of TiO, in the sample. The photo-
electron peaks for Ti2p, O1s, Si2p and C1s were located at binding
energies 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
after the introduction of the TiO, particles according to Fig. 5A. It is
concluded that the immobilization of TiO, on DIA may be a physical
precipitation and adsorption process. The O1s spectrum of CDIA5
displayed two distinct peaks as shown in Fig. 5B(b). The higher peak
of the binding energy at 532.8 eV is related to the hydroxyl group.
The other peak at 529.8 eV is attributed to Ti—O in TiO; [31]. As dis-
played in Fig. 5C(b), the binding energies of Ti(2p3),) and Ti(2p42)
exhibit two peaks centered at 458.3 eV and 464.3 eV, respectively,
suggesting the existence of pure anatase TiO, in composite material
[32].

TEM images of pure TiO, powder (a) and CDIA5 (b) are shown in
Fig. 6. From Fig. 6a, the particle size of pure TiO, powder is around
20-50 nm. The TiO, nanoparticles without carrier tend to aggregate
together due to the strong physical interaction. From Fig. 6b, the
TiO, nanoparticles distributed on the surface or in the pores of DIA.
Only a small number of fine particles accumulate together loosely.
Hence, DIA as the catalyst carrier also plays a dispersant role in the
preparation of the composite catalysts.

3.2. 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
been performed by varying the pH in the range of 1-10 on the
absorption and reduction of Cr (VI). The influence of pH on the
adsorption and reduction of Cr (VI) on the CDIAS5 is presented in
Fig. 7.

As shown in Fig. 7, it can be seen that the adsorption and pho-
tocatalytic 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 CDIAS5 (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 TiO, can be
expressed as follows [33,34]:

Tio, e~ + h* (1)
Cry07%~ + 14H" + 6e~ — 2Cr>+ + 7H,0 (2)
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Fig. 6. TEM micrographs of pure TiO; (a) and CDIA5 (b).
2H,0 + 4h"™ — 0, + 4H* (3)
Under UV light, the electron and hole pairs generate in the sur-

face of TiO, as shown in the Eq. (1). From Eq. (2), the greater the
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Fig. 7. Influence of initial pH on the Cr (VI) removal effect (experimental con-
ditions: initial [Cr (VI)]=10mg/L, catalyst amount=2 g/L, reaction time =180 min,
adsorption in dark and UV light =300 W, respectively).
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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 pH,pc (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 (Cr,0727).
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)]=10mg/L, UV light intensity =300 W, pH=2.1).
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Fig. 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).

of P25 sample was 0.75 g/L, which is equal with the TiO, content of
5g/L of CDIA5.

As described in Fig. 9, the removal rate of Cr (VI) under UV
light is unsatisfactory under low catalysts amount, which is in
agreement with the previous results [36,37]. With increasing the
catalysts amount, the reduction rate of Cr (VI) increases gradually.
The increase of the catalysts amount provides more photocatalytic
reactive sites for the reduction of Cr (VI). The reduction rate is up
to about 100% within 150 min when the catalyst amount is 5g/L.
On the other hand, the commercial TiO, (P25) possesses a lower
removal efficiency compared with CDIA5 under the same catalyst
(TiO,) amount. According to the previous adsorption tests, it is
suggested that the CDIA5 sample exhibited a better photocatalytic
activity for Cr (VI) due to its higher adsorption capacity.

3.4. Effect of the illumination intensity

Fig. 10 shows the Cr (VI) reduction by CDIA5 composite when
intensity of UV illumination is varied from 0 to 500 W. It is evident
that the maximum adsorption removal rate of Cr (VI) is less than
20% in dark within 150 min. The photocatalytic reduction of Cr (VI)
is significantly improved under UV light. It is also observed that the
removal rate of Cr (VI) increases with increasing the illumination
intensity. It is attributed to the fact that more electron-hole pairs
are generated under higher illumination intensity. Therefore, more
electrons will be available for the photocatalytic reduction of Cr
(VI). The removal rate of Cr (VI) reaches almost 98% within 150 min
under the illumination intensity of 500 W.

3.5. Effect of Cr (VI) concentration

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

From Fig. 11, almost 100% Cr (VI) in solution has been reduced
to Cr (II) at concentration of 5mg/L, 10mg/L and 15 mg/L under
the UV illumination within 240 min. To identify the absorption and
reduction of chromium in catalyst after the photocatalytic reac-
tion, the dry CDIA5 sample after Cr (VI) degradation was adopted
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Fig. 11. Influence of initial Cr (VI) concentration on the removal effect of Cr
(VI) (experimental conditions: catalyst amount=2g/L, UV light intensity=500W,
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, 580.6eV and
585.9eV are attributed to Cr (Ill) 2p3j,, Cr (VI) 2p3), and Cr (III)
2p1, 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 (IlIl) 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:

dc  kKGo
dt — 1+KGy
where 1o is the initial photocatalytic degradation efficiency

(mg/(Lmin)); k is the apparent reaction efficiency constant
(mg/(Lmin)); and K is the reaction equilibrium constant (L/mg).

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

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

dc

E = kKCQ = kapCo (5)
where kjp is the apparent rate constant of a pseudo first order
reaction. So Eq. (5) can be transformed to a first order equation:

In (%) — kapt (6)

The plot In(Cy/C) versus t for the concentrations 5 mg/L,10 mg|/L,
15mg/L, 20mg/L and 30mg/L describes a linear behavior as
described in Fig. 13. The correlation coefficients (R?) indicate that
the photocatalytic reduction of Cr (VI) follows the pseudo first
order reaction. The slope of the linear regression equals the appar-
ent first-order rate constant kap and the calculated parameters are
summarized in Table 3.

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

1_1 1
To - kKCO k

The linearization of the curve in Fig. 14, plotting 1/ry versus
1/Cy, from 5mg/L to 15 mg/L of initial concentration of the Cr (VI)
describes a linear behavior with correlation coefficient R =0.995.
It is indicated that the photocatalytic reduction of Cr (VI) by CDIA5
fitted well with the L-H kinetic model.

o =—

(7)

3.7. Photocatalytic stability

It is important to investigate the reusability of the as-
synthesized catalyst in order to evaluate the photocatalytic
performance. Therefore, the CDIA5 was recycled for 4 times in the
same photocatalytic reaction. After each reuse cycle, the photocat-

Table 3
The relevant parameters obtained from kinetic study.
Co (mg/L) kap (min-1) 1o (mg/(Lmin))
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

5.0
45
> y=8.858x+3.082
R?=0.995
=
4.0 +
[ ]
35 - ' - L - L
0.05 0.10 0.15 0.20

1/C

0

Fig. 14. The fitted curve between 1/ro and 1/Cy at initial the concentrations 5 mg|/L,
10mg/L and 15 mg/L.
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Fig. 15. Influence of reuse of catalyst on the removal of Cr (VI) (experimental con-
ditions: catalyst amount=2 g/L, UV light=500W, 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 CDIAS5 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); generated after photocatalytic
reactions. However, the removal efficiency of CDIAS5 is still greater
that 50% after four consecutive recycle uses, which indicates that
the composites are stable photocatalysts for repeated usage.

4. Conclusions

TiO, nanoparticles were immobilized on DIA by a typical
hydrolysis precipitation process and the prepared nano-TiO,/DIA
composites were characterized by XRD, SEM, TEM and XPS. The
TiO, nanoparticles are successfully immobilized on the surface of
DIAin the crystal of anatase and the average grain size of nano-TiO,
is 13.08 nm when the calcination temperature is 700 °C. Cr (VI) in
solution can be effectively reduced by nano-TiO,/DIA composites
under UV illumination. The reduction efficiency of Cr (VI) increases
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with increasing the amount of samples, increasing the illumination
intensity and decreasing initial concentrations of Cr (VI). The pho-
tocatalytic reduction rate of Cr (VI) is up to 100% within 150 min
under the illumination intensity of 300 W. The composites have a
better activity than the commercial TiO, (P25) because of disper-
sive effect and high adsorption capacity of DIA. The removal kinetics
for the reduction of Cr (VI) fit well with the Langmuir-Hinshelwood
kinetic model within the Cr (VI) concentrations range of 5-15 mg|/L.
The reusability tests of catalyst indicate that the composites are
stable photocatalysts for repeated usage.
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