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Synthesis and Characterization of Rectorite/ZnO/TiO2 
Composites and Their Properties of Adsorption and 

Photocatalysis for the Removal of Methylene Blue Dye
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Abstract: As efficient water treatment agents, a novel series of rectorite-based ZnO and TiO2 hybrid 
composites (REC/ZnO/TiO2) were synthesized and characterized in this study. Effects of experimental 
parameters including TiO2 mass ratio, solution pH and catalyst dosage on the removal of methyl blue (MB) were 
also conducted. The presence of a little mass ratio (2%-6%) of TiO2 highly promoted the photoactivity of REC/
ZnO/TiO2 in removal of MB dye from aqueous solution, in which ZnO and REC played a role of photocatalyst 
and adsorbent. The promotion effects of TiO2 may result from the accelerated separation of electron-hole on 
ZnO. The observed kinetic constant for the degradation of MB over REC/ZnO and REC/ZnO/TiO2 were 0.015 
and 0.038 min-1, respectively. The degradation kinetics of MB dye, which followed the Langmuir–Hinshelwood 
model, had a reaction constant of 0.17 mg/(L� min). The decrease of removal ratio of MB after five repetitive 
experiments was small, indicating REC/ZnO/TiO2 has great potential as an effective and stable catalyst.
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1 Introduction

Parallel with population growth and society de-
velopment, over 7 × 105 tons per year of organic dyes 
in estimated are widely used in various industries[1]. Ac-
cording to statistics, approximately 2% of these organic 
dyes would finally be introduced into the discharged 
effluents, which causes a number of serious environ-
mental problems for water pollution due to the severe 
color and the high oxygen demand[2,3]. Therefore, dye 
wastewater is one of the earnest environmental issues 

in urgent need to be solved in the environmental reme-
diation realm.

Photocatalysis which utilizes renewable solar 
energy to activate the chemical reactions via oxida-
tion and reduction could be an effective wastewater 
treatment technology[4,5]. This photocatalysis system 
has attracted great interest from science community 
as the most promising way to solve the environmental 
problems, especially getting rid of residual dyes pol-
lutants from wastewater stream because of its potential 
high activity, low energy consumption, mild treatment 
conditions, and ease of handling[6-11]. The irradiation of 
semiconductors by UV-visible light produces hydrox-
yl radicals (•OH) and singlet oxygen (1O2), and these 
reactive oxygen species (ROS) can efficiently oxidize 
or mineralize organic compounds. Moreover, direct 
reaction between valence-band holes and organic com-
pounds can also induce oxidation or decomposition of 
target organic pollutants. The contributions of ROS and 
holes toward the degradation of organic pollutants de-
pend on the electronic properties of the target substance 
and the photocatalyst[12,13]. 

Many semiconducting materials such as zinc 
oxide (ZnO), titanium dioxide (TiO2), cuprous oxide 
(Cu2O) are used for the removal of organic dyes from 
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the wastewater due to their unique properties in pho-
tocatalysis[14-17]. Among many semiconductors, ZnO 
and TiO2 are the most widely studied photocatalysts 
because of their high catalytic activity, resistance to 
chemical and optical corrosion, and non-toxic and 
stable chemical properties[18-21]. However, high elec-
tron-hole recombination rate make ZnO or TiO2 not 
a high efficient catalyst. Many strategies such as ion 
doping, modified with photo-sensitizer, semiconductor 
compositions have been applied to improve the photo-
catalysis efficiency. Recently, it has been reported that 
ZnO and TiO2 composites possessed higher photocata-
lytic activity than either ZnO or TiO2

[22-25].
To improve the performance of photocatalyst, 

another strategy has focused on the development of 
composites based on clay minerals that enhance the 
photocatalytic efficiency via improved adsorption[26-32]. 
As a kind of silicate clay mineral, rectorite (REC) is 
composed of alternating pairs of nonexpendable dioc-
tahedral mica-like and expandable dioctahedral smec-
tite-like layers[33], which can efficiently adsorb organic 
compounds both on its external surfaces and within its 
interlaminar spaces due to its high specific surface area 
and ion exchange properties[34]. Because of its low cost, 
small size, and unusual intercalated structure, REC 
also arouses great interest as a catalyst support. Con-
siderable researches have been devoted to exploring 
the application of REC-based composite materials to 
adsorb or catalytically decompose environmental pol-
lutants[35-37]. 

In this study, a novel REC/ZnO/TiO2 composite 
was prepared by an improved hydrothermal process. 
The composite was characterized by scanning electron 
microscopy (SEM), transmission electron microscopy 
(TEM), and X-ray powder diffraction (XRD). The ab-
sorption and photocatalytic performance of REC/ZnO/
TiO2 were systematically evaluated by the removal of 
methylene blue (MB) dye under simulated sunlight 
irradiation. The degradation intermediates were also 
identified by liquid chromatography-mass spectrometry 
(LC-MS). 

2  Experimental

2.1 Chemicals
Methylene blue (MB), ethylene glycol, hydrazine 

hydrate, dimethyl benzene, ethyl alcohol, zinc acetate 
dihydrate (Zn(CH3COO)2•2H2O) (purity: 99.9%) and 
sodium hydroxide were of analytical grade, and they 
were provided by Alpha-Aesar and used as-received. 

P25 titanium dioxide was purchased from Degussa, 
Germany. Refined REC was purchased from Hubei 
Mingliu Inc. Co. (Wuhan, China). The water used in 
the experiments had been pretreated by an ultrapure 
water system (Liyuan Electric Instrument Co., Beijing, 
PRC).
2.2 Synthesis of REC/ZnO/TiO2

The REC/ZnO/TiO2 composite was prepared via a 
hydrothermal process. Specifically, 2.1951 g (10 mmol) 
of Zn(CH3COO)2•2H2O were dissolved in 200 mL of a 
mixed solvent of dimethyl benzene and ethylene glycol 
at 300 rpm for 30 min. Then, a solution of hydrazine 
hydrate (0.726 mL, 15 mmol) in anhydrous ethanol 
(30 mL) was added dropwise to the suspension and 
stirred for another 1 h. Then, the appropriate calculated 
weights of REC and TiO2 (weight ratios of REC/ZnO/
TiO2 were 2:1:0.057, 2:1:0.067, 2:1:0.08, 2:1:0.1, and 
2:1:0.2.) was added to this ZnO colloid solution. The 
resulting dispersion was vigorously stirred for 5 h at 
room temperature. Centrifugation provided the REC/
ZnO/TiO2 composites as gray solids. These solids were 
rinsed three times with anhydrous ethanol and another 
three times with deionized water, and calcined for 5 h 
in a muffle furnace at 500 ℃.
2.3 Characterization of the synthesized 

materials 
The Brunauer-Emmett-Teller (BET) surface area 

was determined using a Micromeritics model ASAP 
2020 (Norcross, GA) instrument. The XRD patterns of 
the products were determined using a Dmax-rA powder 
diffractometer (Rigaku, Japan), which used Cu Ka ra-
diation source at a scanning rate of 2° min–1. SEM im-
ages and energy-dispersive X-ray spectroscopy (EDS) 
data were acquired using a QUANTA 200 (FEI, USA) 
instrument. Transmission electron microscopy (TEM) 
images were obtained with a JEM 2010HT instrument 
(JEOL, Japan) at an accelerating voltage of 200 kV.
2.4 Photocatalytic degradation of MB dye 

under simulated solar radiation
Photodegradation of MB dye was carried out in a 

YM-GHX-V II photoreactor (Shanghai Yumin Instru-
ments ltd., Shanghai, China). Aqueous solutions of MB 
dye (200 mL; initial concentration: 5 to 25 mg/L) were 
mixed magnetically with the various catalysts in a 250 
mL Pyrex beaker. After equilibrating in the dark for 1 h, 
aliquots (2 mL) of those suspensions were withdrawn 
to determine the initial MB concentration, c0. Aliquots 
(2 mL) were also collected at selected time intervals as 
the MB degraded; these were magnetically separated 
and used to determine ct. The degradation of the MB 
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dye was monitored using a 2550 UV-visible spectro-
photometer (Shimadzu, Japan) with a 10-mm cuvette. 
The slope of a linear fit of the data provided the initial 
photodegradation rate, R0 (mg/Lmin).
2.5 Sample and data analyses

Sample analysis: The MB dye concentration was 
determined according to its absorbance at 665 nm. 

Data analysis: The removal ratio (R, %) of the 
MB dye was calculated using Eq.(1):

t

0

(1 ) 100%cR
c

= − ×                       (1)

The kinetics of MB degradation (pseudo-first-or-
der rate constant) were determined from the regression 
of the slope of a plot of MB concentration versus time 
using Eq. (2):

obs
0e

k t
tc c − ×=                           (2)

ct and c0 represent the concentration of MB at re-
action time t and the initial concentration, respectively. 
kobs (min−1) represents the observed transformation ki-
netic constants of MB.

3 Results and discussion

3.1 XRD and morphology of REC/ZnO/
TiO2 composites

As demonstrated in Fig.1, peaks observed at 31.7, 
34.4, 36.2, 47.5, 56.5, 62.8, 66.3, 67.9, and 69.0° were 
indexed to hexagonal wurtzite (ZnO; JCPDS Data Card 
no. 36-1451). Additional peaks appeared at ca. 28.2° in 
REC/ZnO that corresponded to REC[38]. The peak at 2q 
= 25.4° confirms that there is anatase phase in the REC/
ZnO/TiO2 composite[39], whereas 2q at 37.8° and 47.7° 
for anatase TiO2 and 2q at 27.5° and 36.1° etc for rutile 
TiO2 are too weak to be observed because of TiO2’s 
small mass ratio (2.2%) in the composite[40]. XRD re-

sults indicated that the introduction of both ZnO and 
TiO2 into REC.

The morphologies of REC/ZnO/TiO2 were inves-
tigated by TEM and SEM and the results were demon-
strated in Fig.2. It has been well documented that REC 
is an interstratified clay mineral[38]. Small particles 
appeared in SEM and TEM image of REC/ZnO/TiO2 
besides of interstratified clay mineral, indicating the 
binding of ZnO and TiO2 to REC.

3.2 Degradation of  MB over different 
catalysts

Direct photolysis and photodegradation of MB 
over different catalysts are shown in Fig.3. Only little 
part of MB was directly decomposed under UV-vis ir-
radiation, indicating MB is photo inert. The adsorption 
of MB onto ZnO is negligible and ZnO also showed 
low efficiency in removal of MB under irradiation. 
Conversely, the adsorption of MB on REC/ZnO was 
much larger than that on native ZnO. The enhanced ad-
sorption efficiency of MB (36%) was mainly because 
of the REC, which has been proven to be an efficient 
adsorbent for MB and other dyes [41, 42]. The adsorption 
reached equilibrium within 40 min, and the concentra-
tion of MB gradually decreased under irradiation. The 
degradation ratio reached approximately 70% after 60 
min irradiation in 0.7 g/L REC/ZnO dispersion.

Fig.1 XRD patterns of ZnO, REC/ZnO, and REC/ZnO/TiO2 
(2:1:0.067)

Fig.2 (a) SEM image and (b) TEM image of REC/ZnO/TiO2 
(2:1:0.067)

Fig.3 Direct photolysis, and adsorption-photodegradation of MB 
(5 mg/L) in ZnO, REC/ZnO and REC/ZnO/TiO2 (2:1:0.067) 
dispersion (0.7 g/L), pH=6.0 (curves demonstrated the 
fitting of experimental data with Eq.(2))
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The adsorption capacity of REC/ZnO/TiO2 is 
larger than that of REC/ZnO. More importantly, REC/
ZnO/TiO2 exhibited higher photoactivity in removal of 
MB from aqueous solutions. The kobs in REC/ZnO/TiO2 
dispersion (0.038 min-1) is 2.4 times that of REC/ZnO. 
The enhanced performance of REC/ZnO/TiO2 com-
posite might result from the facilitated electron-hole 
separation over ZnO by the presence of TiO2. Recently, 
Yang et al have also found that the photocatalytic ozo-
nation degradation of salicylic acid by ZnO modified 
TiO2 is much faster than using native TiO2

[22]. 
3.3 Effect of component mass ratio on the 

degradation of MB
The fabricated composites contained REC, ZnO, 

and TiO2 and the impact of the component mass ratio 
on the removal of MB dye was investigated to obtain 
the optimized composition. Fig.4 shows that the dark 
adsorption of MB dye on REC/ZnO/TiO2 was only 
slightly influenced by the TiO2 content. After a 60-min 
adsorption period, the MB dye concentration in the 
bulk phase decreased by approximately 40% and 50% 
with TiO2 contents of 0.057 and 0.067, respectively. 
The kobs also increased from 0.030 to 0.037 min-1 with 
the increase of TiO2 content from 0.057 to 0.067. How-
ever, both dark adsorption and photodegradation of MB 
dye decreased with further increase of TiO2 content to 
0.2. 

The enhanced performance of REC/ZnO/TiO2 
may result from the fast electron-hole separation in the 
presence of TiO2, and this process could be strength-
ened with the increase of TiO2 content. However, TiO2 
also has high absorption in particular in UV region 
that could compete for irradiation photon with ZnO, 
and therefore, the photoactivity of REC/ZnO/TiO2 
decreased with continuous increase of TiO2 in the com-
posites. Similar results have been reported for different 

ZnO based composites[43,44]. For example, the optimized 
In2O3 dosage for hydrogen production under visible 
light by using In2O3/ZnO composites is 10%, further 
increase of In2O3 ratio also decreased the activity of 
In2O3/ZnO[43]. 
3.4 Effect of REC/ZnO/TiO2 dosage on the 

removal of MB dye

The photodegradation of MB aqueous solu-
tions with various REC/ZnO/TiO2 concentrations 
was illustrated in Fig.5. Apparently, in this work, the 
observed photodegradation kinetic constant (kobs) of 
MB sharply increased when the concentration of REC/
ZnO/TiO2 increased from 0.0 to 0.7 g/L. This result was 
consistent with many studies where the reaction was 
accelerated with the increase of catalyst dosage, which 
was mainly because the amount of reactive species like 
•OH was determined by the concentration of catalyst in 
the bulk solution. Conversely, continuously increase of 
REC/ZnO/TiO2 decreased the photodegradation of MB, 
although the dark adsorption was benefited with in-
crease of catalyst. The kobs were 0.038 and 0.027 min-1

in 0.7 and 1.1 g/L REC/ZnO/TiO2 dispersion. The op-
timum amount of REC/ZnO/TiO2 should be added in 
order to avoid superfluous catalyst and also to ensure 
total absorption of radiation photons for efficient photo-
degradation[45,46]. It could expect an increase of adsorp-
tion sites and ROS with increasing of catalyst dosage 
in a certain region. However, high concentration of 
REC/ZnO/TiO2 particles became much easier to aggre-
gate and reduced the light transmission. Therefore, the 
optimized concentration of REC/ZnO/TiO2 was fixed at 
0.7 g/L.
3.5 Effect of solution pH on the degradation 

of MB dye
The effect of solution pH was studied in the range 

of 5.0-9.0 in 0.7 g/L REC/ZnO/TiO2 dispersion, and 
the results were demonstrated in Fig.6. The results 

Fig.4 Effects of TiO2 mass contents of REC/ZnO/TiO2 (0.7 g/L) 
on the adsorption and photodegradation of MB dye (5 mg/
L), pH=6.0

Fig.5 Effect of REC/ZnO/TiO2 dosage on the adsorption and 
photodegradation of MB dye (5 mg/L), pH=6.0
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indicated that pH value had a significant effect on the 
activity of REC/ZnO/TiO2. The favored result for MB 
degradation was obtained near neutral solution with a 
maximum at pH 6.0, whereas, removal ratio decreased 
in the alkaline or acidic pH range. 

It was well known that the interpretation of pH 
effects on the photodegradation of organic pollutants 
was quite difficult, and the effects of pH on the pho-
tocatalytic degradation process were generally related 
to its multiple roles such as electrostatic interactions 
between the semiconductor surface, solvent molecules, 
substrate and charged radicals formed during the reac-
tion process. Hydroxyl radicals are considered as the 
predominant species at neutral or high pH levels [45]. 
Although it was suggested that in alkaline solution •OH 
are easier to be formed by oxidizing more hydroxide 
ions available on TiO2 or ZnO surface[45,47], it should 
be noted that in alkaline solution there is a Coulom-
bic repulsion between the negative charged surface of 
photocatalyst and the hydroxide anions as well as the 
repulsion between the negative charged surface and the 
negative form of MB. This fact could decrease the pho-
todegradation of MB at high pH.
3.6 Kinetics for the degradation of MB dye 

on REC/ZnO/TiO2

The photodegradation of MB was performed with 
initial concentrations ranged from 5.0 to 25.0 mg/L. 
The initial rate (r0, mg/L min) for the photodegradation 
of MB increased with increasing the initial concentra-
tion of MB. For example, r0 increased from 0.063 to 
0.15 mg/L•min with its initial concentration from 5 to 
25 mg/L. The data were then fitted to the Langmuir–
Hinshelwood kinetics rate model Eq. (3), which has 
been applied to the initial rates of photocatalytic degra-
dation of many organic compounds. 

( )0 0 0
dr 1d re s s
c k K c K ct= − = +                 (3)

where c0 is the initial concentration of MB after the 
dark adsorption. kre is the reaction rate constant and Ks 
represents Langmuir adsorption constant. 

The results shown in inset Fig.7 clearly demon-
strated the experimental data fit Langmuir–Hinshel-
wood kinetic model well (correlation factor is 0.99). 
The recovered kre is 0.17 mg/L min.

3.7 Reusability of REC/ZnO/TiO2

Sequential photodegradation experiments were 
performed to test the photo-stability of catalyst. As 
shown in Fig.8, the decreasing trend in the final deg-
radation efficiency was approximately 30% after 5 
repetitive experiments for REC/ZnO/TiO2. This result 
showed that REC/ZnO/TiO2 possesses potential to be 
an effective and stable catalyst.

3.8 Mechanism for the degradation of MB 
dye on REC/ZnO/TiO2

Intermediates with m/z of 318, 274, and 222 were 
detected by LC/MS analysis (Fig.9). The intermediate 
with m/z = 317 could be formed through the addition 
of two •OH radicals per MB dye molecule, or through 
oxidation of methyl (–CH3) groups of the sulfoxide 
intermediate. Addition of •OH to the intermediate of 
m/z = 318 and a loss of a methyl group could produce 
an intermediate with m/z = 274. Oxidation of MB dye 
could follow different paths. For example, addition of 
•OH to MB dye molecules would lead to the formation 
of an intermediate with m/z = 300[48]. Oxidation of sul-

Fig.6 Effect of solution pH on the adsorption and photodegrada-
tion of MB dye on REC/ZnO/TiO2

Fig.7 Correlation between the initial rate of loss of MB dye on 
REC/ZnO/TiO2 and the initial dye concentration (Inset: The 
solid line represents fitting of the data to the Langmuir–
Hinshelwood kinetic model (Eq.3))

Fig.8 Performance and recovery of 0.7 g/L REC/ZnO/TiO2 
(2:1:0.067) for five cycles
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fur atoms and bond cleavage at nitrogen-bridged sites 
would lead to the formation of a sulfoxide intermediate 
having m/z = 303[49]. However, neither m/z = 300 nor 
303 was detected in the present study. Oxidation of 
these intermediates could form intermediate with small 
molecular weight or ring cleavage products, and even 
mineralization to CO2 and H2O.

4 Conclusions

A series of REC/ZnO/TiO2 composites was syn-
thesized and the structure was well characterized. The 
ZnO component played a major role of photocatalyst 
and REC played a role of adsorbent. The presence of 
TiO2 significantly enhanced the photoactivity of REC/
ZnO/TiO2 in removal of MB from aqueous solutions, 
with the increase intensity dependent on TiO2 mass ra-
tio. The optimized pH and dosage for removal of MB 
is pH 6.0 and 0.7 g/L, respectively. The degradation 
of MB over REC/ZnO/TiO2 followed the Langmuir–
Hinshelwood model. Repeat usage also demonstrated 
that REC/ZnO/TiO2 composite was photo-stable and 
has great potential as catalysts for the treatment of dye 
pollutants in aqueous solutions.
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