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Nanocomposites based on cadmiumsulfide (CdS) andNa-montmorillonite (Na+-Mt)were prepared by a hydro-
thermalmethod using Cd[NH2CSNH2]SO4 complex as precursor of CdSwhichwas derived from cadmium sulfate
and thiourea. These nanocomposites were characterized by X-ray diffraction (XRD), Fourier transform infrared
spectra (FTIR) and X-fluorescence (XF). The nanocomposites consist of nanosized CdS pillars, which tend to in-
crease in size as the amount of complex precursor increases. The CdS crystals have a hexagonal symmetry. The
photocatalytic activity of the obtained CdS–Mt nanocomposites is improved significantly compared to that of
the Mt and pure CdS. The resulting CdS–Mt nanocomposites could degrade methylene blue and rhodamine 6G
under near UV–visible irradiation.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The intercalation of guest molecules into layered minerals has
attracted a great deal of attention. Among suchminerals,montmorillonite
(Mt) has been featured extensively because of its large surface area,
swelling behavior and peculiar charge characteristics (Khaorapapong
and Ogawa, 2007, 2008; Khaorapapong et al., 2001, 2008a, 2008b,
2009). The Mt has a layered structure and excellent hydrophilic and
cation exchange properties. Its layer dimensions in length and
width can be in hundreds of nanometers but its thickness is only 1 nm.
The Mt layer consists of an octahedral sheet sandwiched between two
opposing tetrahedral sheets (TOT), which is called a 2:1 phyllosilicate
(Brigatti et al., 2006). These layers are stacked by weak dipolar or Van
der Waals forces, and they have both surface and edge charges. The
charges on edges are easily accessible to modification, but they do not
accomplish much improvement in interlayer separation (Sengwa et
al., 2009). The pillared Mt prepared through ion exchange reaction
between Na+-Mt and titanium polyoxocations which can exchange
with the exchangeable cations (Na+) in the interlayer space of Mt
was studied extensively (Damardji et al., 2009; Perathoner and Centi,
2010; Pichat et al., 2005; Vicente et al., 2010). As a semiconducting
material, besides its interesting optical properties, CdS is also interesting
for its special photocatalytic activity. Cadmium sulfide (CdS) is a kind of
semiconductorwith a narrowband gap of 2.5 eV, and its valence electron

can be easily evoked to a conduction band under visible light irradiation
(Ru et al., 2009).
In this work, CdS–Mt nanocomposites were prepared via a hydro-

thermal route. In this method, an aqueous solution of thiourea and
cadmium sulfatewas added to aMt aqueous dispersion, and the resulting
dispersion was heated at 120 °C for 1 h. The obtained nanocomposites
were characterized byX-ray diffraction (XRD), Fourier transform infrared
(IRTF) and X-fluorescence (XF). The photocatalytic activity of these
nanocomposites was tested by photocatalytic degradation of methylene
blue (MB) and rhodamine 6G (R6G) under near UV–visible irradiation.

2. Experimental

2.1. Materials

The Na+-Mt was prepared using bentonite from deposits of
Maghnia in western Algeria. The cadmium sulfate (CdSO4) and thiourea
CS(NH2)2 were purchased from Panreac, Rhodamine 6G (C28H31N2O3Cl)
was purchased from Sigma and methylene blue (C16H18ClN3S) was
supplied by Fluka Chemical. All reagents were used without further
purification.

2.2. Preparation of CdS–Mt nanocomposites

CdS–Mt nanocomposites were prepared by applying the method
described by Han et al. (2008) and Xiaoa et al. (2007) with some
modifications. 1 g of Mt was dispersed into 100 ml of distilled water
by stirring vigorously for 18 h to obtain 1.0% (mass) Mt dispersion.
Controlled amounts of CdSO4 and NH2CSNH2, at a molar ratio of 1:1,

Applied Clay Science 72 (2013) 44–48
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Titanium dioxide–montmorillonite/Polythiophene–sodium dodecyl sulphate (TiO2–Mt/PTP–SDS) nanocomposites
were synthesized via the in situ intercalative oxidative polymerization of thiophene (TP) in TiO2–Mt clay and
CHCl3 solvent using anhydrous ferric chloride (FeCl3) at ambient temperature for 24 h in the presence of anionic
surfactant SDS at a ratio by mass of 20% of TP/TiO2–Mt. The TiO2–Mt was obtained by the modification of sodium
montmorillonite (Na-Mt) with titanium isopropoxide (Ti (OPri) 4) at 50 °C for 3 h. The products obtained were
characterized using different techniques, such as Fourier Transform Infrared Spectroscopy (FTIR), X-ray Fluores-
cence Analysis (XRF), X-ray diffraction (XRD), and Environmental Scanning Electron Microscopy (ESEM), which
proved the successful intercalation of polythiophene in the TiO2–MT in the presence of anionic surfactants. The deg-
radation of rhodamine 6G (R6G) in aqueous solutionswas investigated kinetically in the presence of catalysts under
Sun-test simulator at 400 W/m2, sonocatalysis at 500 kHz (30 W), and sonophotocatalysis. The findings revealed
that the TiO2–Mt/PTP20%-SDS catalyst exhibited good levels of photocatalytic, sonocatalytic, and sonophotocatalytic
degradability for R6G. The synergistic effect between the two techniques was observed using TiO2–Mt/PTP20%-SDS
(w %) as a catalyst, and the kinetic results indicated that enhanced degradation rate constants were achieved partic-
ularly with sonophotocatalytic processes.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Among the various processes employed inwater treatment, heteroge-
neous semiconductor photocatalysis has often been reported to offer a
number of key advantages, including the possible use of solar irradiation,
operation at ambient conditions, and reuse of the catalyst. Heterogeneous
photocatalysis is a process wherein the irradiation of a wide-band gap
semiconductor, such as TiO2, with light result in excited electron-hole
pairs that can be conveniently applied to produce electricity in solar
cells, initiate photoinduced superhydrophilicity that involves surface
bound redox reactions (Cap et al., 2004), generate specific catalytic reac-
tions and chemical processes, such as organic synthesis, or to promote the
degradation of pollutants.
In this context, the degradation of industrial dyes has triggered

extensive research aiming to search for viable alternative methods
for industrial dye waste removal that can compensate for the inadequa-
cies associated with the conventional procedures used for the purifica-
tion of industrial water wastes. Industrial dye wastes can pose serious
challenges to human health, aquatic life and the environment. Of partic-
ular relevance to this issue, TiO2 nanoparticles have often been reported

to constitute good photoactive materials for application in the removal
of organic pollutants (Hoffmann et al., 1995; Pan et al., 2006). They
can be suitably employed in complementary processes for the detoxifi-
cation of drinkingwater and decontamination of industrial wastewaters
(Erdemoglu et al., 2008; Kangwansupamonkon et al., 2010; Lathasree
et al., 2004; Song et al., 2007; Tang et al., 2007; Vohra and Tanaka, 2003).
Commercial products of TiO2 photocatalysts are, however, usually

small sized particles that can agglomerate in aqueous solutions,
which often lead to decreased photocatalytic activities and impede
their after-use recovery. The use of those particles inwide scale industrial
applications has also been limited because of their tendency to accumu-
late, which often creates troublesome problems, such as instrument
blockage andmalfunction.Moreover, as TiO2 can absorb and be activated
by UV light of λ b 395 nm, it can make use of only about 4% of the solar
energy that reaches the earth. Considerable efforts have, therefore, been
made to overcome these shortcomings. Several proposals have been
made to overcome thefirst limitation, including the use of supportmate-
rials for TiO2 photocatalysis. In fact, various materials, such as activated
carbon (Kumar et al., 2010; Ping-Feng et al., 2008), silica (Chmielarz
et al., 2009), and Mt (Damardji et al., 2009a, 2009b; Kun et al., 2006;
Mogyorosi et al., 2002; Shirini et al., 2012), were proposed as TiO2 sup-
ports to condense pollutants in bulk solution for degradation. Likewise,
several attempts have been made to address the second problem,

Applied Clay Science 80–81 (2013) 56–62
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A Photo-Fentontreatment of a Mixture of Three Cationic Dyes  
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Abstract 

Application of photo-Fenton process, UV/Fe3+/H2O2, to treatment for a mixture of three cationic dyes was investigated. The 
effect of the oxidative agent’s initial concentration was investigated as well as the effect of the initial concentration of Fe+3 and 
H2O2 on the dyes degradation was studied. The best results were obtained using 0.6 mM of Fe3+ and 12 mM hydrogen peroxide. 
Under these experimental conditions, 90% of TOC and 100% of color removal were achieved. 

© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of ISWEE’11 

keywords: Photocatalysis; Solar radiation;  Hydrogen peroxide; Iron salts; Photo-Fenton 

1. Introduction 

In recent years, there is a great interest for so-called advanced oxidation processes (AOPs) which constitute an 
attractive alternative to treating wastewater containing toxic and persistent pollutants. They are based on the in situ 
generation of a powerful non specific oxidizing agent, the hydroxyl radical (OH ) which is able to oxidize a broad 
range of organic pollutants quickly and non-selectively [1]. There are several methods for generating OH ,[2] such 
as Fenton’s reagent,[3, 4] H2O2 photolysis,[5] Fe(III) photolysis,[6−8] anodic oxidation,[9,10] electro-
Fenton,[11−14] and heterogeneous photocatalysis.[15,16]. Among them, the photo-Fenton process, combining the 
Fenton’s reagent, a mixture of H2O2 and a ferrous salt, with UV irradiations is able to extensively degrading organic 
contaminants in a variety of wastewater, streams and soils. 

* Corresponding author. Tel.: 213 21 90 15 03; fax: 213 21 90 15 60. 
         E-mail address: schergui@cder.dz. 
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a b s t r a c t

In this work, a new extraction method termed aerosol phase extraction has been developed for the first

time. The new method was based on the nebulisation of the sample onto the extracting solution to

maximize the contact surface. The influential parameters are: agitation time, chelating agent

concentration and inorganic acid concentration. The method has been applied to the extraction of

molybdenum with organophosphorus chelating agents such as tributyl phosphate (TBP) and bis(2-

Ethylhexyl) phosphoric acid (D2EHPA) dissolved in n-hexane from aqueous hydrochloric and phos-

phoric acid solutions. In order to test the efficiency of the method, the aqueous phase has been analyzed

by means of Inductively Coupled Plasma Atomic Emission Spectrometry. The extraction of molybde-

num under aerosol phase was found to be faster than the conventional extraction method. Equilibrium

time was shortened under aerosol phase extraction and molybdenum extraction yields were compar-

able, or better as compared to the conventional method.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

The solvent extraction is one of the most versatile and widely
used procedures for the removal, separation and concentration of
various metals [1,2]. In classical liquid–liquid extraction, small
droplets are generated by agitation, which increases the contact
surface area and improves the extraction efficiency. However, the
classical procedure has not proved to be effective enough in some
cases and presents some disadvantages (e.g. laborious manipula-
tion, large volumes of solvents, high operation costs, possible
formation of emulsions, large equipments and long analysis time,
it is often time-consuming and equilibrium cannot be attained
after shaking for a long time).

In the last few years, research activities are oriented towards
the development of more efficient, economical, and miniaturized
sample preparation methods in order to increase the extraction
yields obtained under conventional solvent extraction. The
advantages of miniaturization are the reduction of the sample
size. In addition, transport phenomena are faster in microsystems
than in ordinary systems, and therefore, one may expect that
liquid extraction takes less time to be achieved in miniaturized

devices. This feature was demonstrated recently with many
configurations [2,3].

One of the means for increasing the extraction efficiency is to
disperse the extracting solvent into the liquid sample. For
example, Rezaee et al. [4] developed a dispersive liquid–liquid
microextraction (DLLME) method which is a miniaturized green
sample preparation method. In their method a dispersing agent
(acetone) was added to the extracting one (carbon tetrachloride)
to extract organic compounds in water. A cloudy solution was
then formed. Then this solution was centrifuged and the two
phases were separated.

Molybdenum acidified aqueous solutions were chosen as the
model metallic cation and organophosphorous extractants, such
as tributyl phosphate (TBP) and bis(2-Ethylhexyl) phosphoric acid
(D2EHPA) were employed to extract this element. This choice was
based on the fact that molybdenum is considered as a bio-
essential trace nutrition element for both plants and animals,
including humans where it plays an important role [5–7]. Very
low concentrations of molybdenum can be found in plants,
natural water and seawater, and other aqueous matrices. For
example, the assay of molybdenum in seawater is very important,
since this metal is part of biochemical phenomena in most marine
flora and fauna. Under normal conditions the reported concentra-
tions are included within the 6–20 mg L�1 range [2,3]. The com-
plexity of the sample matrix makes advisable the development of
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ABSTRACT

Humic acids (HA) in water can react with active chlorine to produce carcinogenic
compounds and their presence is, therefore, considered as a serious problem in water purifi-
cation plants throughout the world. The present study was undertaken with the aim of
investigating the efficiency of using an electrocoagulation (EC) process based on aluminium
electrodes at a laboratory scale as a complementary treatment step for HA removal from
surface water. A series of experimental assays were performed to determine the optimal
operating conditions (electrolysis time, pH, current intensity and initial concentration)
involved in the EC mechanism during the HA removal process. The findings revealed that
under optimum conditions HA could be removed by up to 72%. Further, high performance
liquid chromatography and Fourier transform infrared spectroscopy analyses showed the
non-forming products and non-attack points of the HA molecules, respectively. Overall, the
results yielded in a pH range (6–7) and low current density (1.78–7.14mA/cm2) were prom-
ising and indicated that the EC method was effective for the achievement of HA removal
from surface waters.

Keywords: Electrocoagulation; Humic acids; Aluminium electrodes; Surface waters; Mechanisms

1. Introduction

Humic substances (HS) are the most abundant nat-
ural organic materials in terrestrial and aquatic envi-
ronments and represent the major portion of soil
organic matter [1,2]. They constitute a physically and

chemically heterogeneous mixture of biogenic and
relatively high-molecular-mass compounds with
mixed aliphatic and aromatic natures [3,4]. They are
also organic polyelectrolytes that consist of the great-
est natural proportion of dissolved organic matter in
the watery systems which are usually subdivided into
three distinct classes: humic acids (HA), fulvic acids
and humins. Those classes still remain not fully*Corresponding author.
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ABSTRACT

This work concerns the plotting current intensity I (A) vs. applied voltage E (V) curves of
electrocoagulation (EC) of some organic (humic acid (HA) and phenol) and inorganic (cop-
per sulphate and cadmium chloride) compounds which are often found in water/wastewa-
ters. The study is conducted in batch mode using Fe electrodes at laboratory scale. The
device is constituted with two ordinary steel electrodes with active area S = 19.95 cm2 and
4 cm as separation from each other in a 500 mL beaker which is filled with 500 mL solution
to treat. The applied voltage is 12 V for 45 min as EC time and an optimal pH which is
determined from current intensity I (A) as a function of applied voltage E (V) curves.
Depending on the pollutant type, different EC process mechanisms are proposed and less
or more important reduction levels are achieved in these experiments.

Keywords: Electrocoagulation (EC); Humic acid (HA); Phenol; Copper; Cadmium; Iron

1. Introduction

In Algeria, the water resources are limited and
unevenly distributed. These resources have been, over
the last two decades, found to have negative effects
like drought and pollution. The absolutely pure water
rarely exists in nature. The raw waters still contain
many organic and inorganic pollutants from natural
or human activity [1]. One of the goals sought in
water treatment is to reduce or even eliminate these
pollutants [2–4]. This is performed by physicochemical
processes (coagulation/flocculation, sedimentation,
filtration and disinfection) [5–11]. Currently, there is a
tendency to use electrochemical techniques (electroco-
agulation (EC), electroflotation, electrooxidation,

electrodisinfection, etc.) [12–18] as promising methods
for water/wastewater treatment [19–23].

This work aims to contribute in the comprehension
of EC process by studying the reduction of some rep-
resentative pollutants, such as organic (humic acid
(HA) and phenol) and inorganic (copper and cad-
mium) compounds contained in wastewater. Synthetic
solutions of these substances are prepared and electro-
coagulated at a laboratory scale.

The tests consisted in carrying out electrolysis
experiments in an EC reactor. In order to distinguish
between the different mechanisms of EC process, first
of all, the pH of distilled water is adjusted at three
representative values of the pH range: pH 2 (acidic), 7
(neutral) and 12 (alkaline). Then, the solutions are
electrolysed as control tests during which the evolu-
tion of the current intensity I (A) as a function of the
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a b s t r a c t

The present study was undertaken to investigate the degradation and removal of direct yellow 9 (DY9)
by the electro-Fenton (EF) process in batch reactor using iron and stainless steel electrodes. DY9 removal
decreased with the increase in pH (3 to 8) and increased with the increase in current intensity (0.05 to
0.2 A) and [H2O2] (0 to 0.5 g L�1, but not with high doses which led to low rates of DY9 removal and OH∙

uptake). The regression quadratic models describing DY9 degradation yield “R (percent)” and electrical
energy consumption “EEC (kW h kg�1)” were validated by the analysis of variance (ANOVA) and were
both noted to fit well with the experimental data. The R2 correlation coefficients (0.995, 0.978), those
adjusted coefficients (0.986, 0.939), and F values (110.7, 24.9) obtained for the responses validated the
efficiency of model. The results revealed that among several other parameters, EEC depended essentially
on the degradation yield. The eco-toxicity tests showed a positive correlation between catalase activity
and DY9 concentration, and catalase could be qualitatively identified to assess the effect of dye and its
by-products generated during the EF process.

& 2014 Elsevier Inc. All rights reserved.

1. Introduction

Effluents containing high concentrations of toxic organic com-
pounds (Z15 percent), particularly Azo dyes, are continuously
discharged from various textile and paper industries in Algeria, as
well as in several other countries throughout the world (Chafi
et al., 2011; Daneshvar et al., 2006; Sengil and Özacar, 2009).
When improperly treated and discharged into aquatic systems
(water coastal, lakes and rivers), these effluents form a critical
source of pollution and a real threat to aquatic life (e.g. various
microbiological or marine animal species). In fact, they can
interfere with the penetration of sunlight into waters and inhibit
the growth aquatic micro and macro algae by disturbing the
balance of gas solubility in the water (Golder et al., 2005; Sengil
and Özacar, 2009; Willcock et al., 1992). These dyes and their by-
products have, therefore, often been reported to be toxic, carcino-
genic, mutagenic and teratogenic (Willcock et al., 1992). This is, in

fact, particularly due to the properties and attributes of these dyes,
including their color persistence, low biodegradability, and ele-
vated pH. Their recalcitrance is also attributed to the high stability
they confer to the dye molecules due to the presence of one or
more azo chrophomores (N¼N) or bonds between different
aromatic rings (benzenic rings) and functional groups (–OH and
–SO3H), which can supply color with absorption of radiant energy
(Cruz-González et al., 2012; Dos Santos et al., 2007; Yousuf et al.,
2010).

The classical processes employed for azo dyes removal from
wastewater effluents have often been reported to be limited in
efficiency and to produce secondary pollution problems (Daneshvar
et al., 2003). There has been, during the last few decades, an
increasing interest in the search for efficient cost-effective and eco-
friendly alternative strategies of azo dyes removal. The literature
indicates that although adsorption and membrane techniques may
yield into satisfactory results for the removal of dissolved and
biodegradable resistant dyes, their application still remains relatively
costly. In this context, various advanced electrochemical oxidation
processes, including the electro-Fenton (EF) technique, have been
proposed as promising substitutes. The latter allow for the in situ
production of the hydroxyl radical OH∙ (in the presence of Fe2þ and
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