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Abstract
In this paper, we use Tunisian clay materials as alternative low-cost adsorbents, as well as substrates to immobilise TiO2 for the
decolouration of methylene blue (MB) dye solutions. The collected raw clay from the mine of Tamra was characterised by
various techniques, such as X-ray diffraction (XRD), scanning electron microscopy (SEM) and X-ray fluorescence (XRF). XRD
patterns of the raw clay showed halloysite as the main phase (61%), with a lower content of kaolinite (39%). For MB adsorption,
the experimental data were fitted by Langmuir and Freundlich adsorption equations. It was found that the studied clays alone
were not very efficient at adsorbing MB dye molecules. The decolouration of MB was improved by adding a photocatalytic
function to the clay, by adding various amounts of TiO2 nanopowder (20–80 wt%) to the clay, imbuing it with photocatalytic
capabilities. These combined effects of the phenomena of adsorption and photocatalysis for MB removal by the TiO2-doped clay
resulted in a very satisfactory performance, even with the relatively low quantity of 20 wt% added TiO2 photocatalyst. This gave
48.6% removal after only 30-min adsorption in the dark, increasing to 84.1% removal after a further 3 h under UV light, through
combined chemo-physical adsorption and photocatalytic decolouration phenomena.
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Introduction

Dyes are organic compounds which are used in many indus-
tries, such as paper, textiles, food processing, cosmetics,

pharmaceuticals, and medical diagnostics (Annadurai et al.
2002; Dogan and Alkan 2003; Alahiane et al. 2013). Dye-
contaminated wastewater contains coloured compounds from
the residues of dyes and various chemical additives
(Mahammedi and Benguella 2016). The majority of synthetic
textile dyes produced globally (700,000 tons per year) are
classified as azo compounds, which contain an N-
chromophore molecule, for example, methylene blue
(C16H18N3SCl). This is the most commonly used dye in dye-
ing cotton, silk, and wood. It can cause eye burns that can
permanently injure the eyes of man and animals. Inhalation
may result in difficulty in breathing, and ingestion produces a
burning sensation, and can result in nausea, vomiting, and
heavy cold sweats. Dyes in surface waters can also result in
other harmful environmental effects, such as blocking the
photosynthesis of water borne flora.

The treatment of industrial waste containing this type of
dye is of great interest (Sakr et al. 2015; Lazaar et al. 2017),
but the removal of low levels of such compounds is difficult.
Several methods and techniques have been developed in re-
cent years. These techniques include chemical precipitation
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process flocculation (Chaari et al. 2015), ion exchange, elec-
trolysis, membrane processes (Das and Basu 2014), and ad-
sorption (Lazaar et al. 2017). The last one is the most common
technique for dye removal, as it is easy to implement and is a
cost-effective process to remove dyes from aqueous solution,
and it has been tested with many adsorbents (Hajjaji et al.
2013).

Several researchers have shown that a wide variety of ma-
terials of natural or biological origin have the ability to remove
large amounts of organic pollutants from water (Weber et al.
2011; Naidoo and Olaniran 2014; Chakraborty et al. 2014;
Das et al. 2014; Bhattacharjee et al. 2014; Sarkar et al. 2015;
Chakraborty et al. 2017; Aloulou et al. 2018; Shakeel et al.,
2019; Asefi et al. 2019; Ahmedkhan et al. 2019; Priya et al.
2020; Tunç et al. 2019). Activated carbon (Yu-Li and Thomas
1995; Meshko et al. 2001), alumina (Crini 2006), and zeolites
(Meshko et al. 2001) are considered some of the most versatile
adsorbents, and many studies show their effectiveness, but
their use is limited due to difficulties in their regeneration,
and their relatively high cost (Sadlki et al. 2014). An alterna-
tive solution would be to use other efficient and economic
adsorbent materials. We chose a material that is abundant in
Tunisia: a clay from the Nefza region of northern Tunisia
(Eloussaief et al. 2009; Sdiri et al. 2014).

Clays have been studied for various applications such as
adsorption and catalysis (Chaari et al. 2008; Hajjaji et al.
2013; Hajjaji et al. 2016; Mhammedi and Benguella 2016).
Clayey mineral was some of natural materials that were suc-
cessfully used for contaminant removal (Chargui et al. 2018).
This approach of natural adsorbents for the treatment of waste-
water was the focus of much research in the last decade (Ben
Amor et al. 2018). Clayey materials are used commercial ad-
sorbents due to their low cost, abundant availability, easy ac-
cessibility, environmentally friendly nature, a large surface
area, and their abundance in nature.

This focus on clay minerals is due to their many possible
variations in structure, along with chemical stability and high
specific surface area (Mudzielwana et al. 2019). Halloysite
clays are the most effective adsorbents used in the removal
of dyes (Chaari et al. 2015). Halloysite was first described by
Berthier (1826) as a dioctahedral 1:1 claymineral of the kaolin
group. However, halloysite often forms a major component of
Andisols (soils formed in volcanic ash containing high pro-
portions of glass and amorphous colloidal materials), and oth-
er soils derived from volcanic materials in wet tropical and
subtropical regions. The structure and chemical composition
of halloysite is similar to that of kaolinite, dickite, or nacrite,
but the unit layers in halloysite are separated by a monolayer
of water molecules. The particles of halloysite can adopt a
variety of morphologies, the most common of which is the
elongated tubule.

Recent research has demonstrated photocatalytic degrada-
tion by titania of both organic and inorganic contaminants in

wastewater, and of gaseous pollutants (Ngoh and Nawi
2016). Due to its availability, relative low cost, non-toxicity,
thermal and chemical stability, high hydrophilicity, and
photoactivity in solar or visible light, titanium dioxide
(TiO2) remains the most studied photocatalyst in the field of
environmental treatments (Arana et al. 2002; Mokhbi et al.
2014). Its high specific surface area (nanosized particles)
and oxidation ability make it suitable for the decomposition
of a wide range of organic pollutants (Wongso et al. 2019).

Heterogeneous photocatalysis, an advanced oxidation
photochemical technique, has the advantage of being capa-
ble of oxidising numerous water-borne contaminants
(fertilisers, pesticides, dyes, pharmaceutical molecules) un-
til they are completely destroyed (mineralisation).
However, a major drawback in using titania powders as
photocatalysts is their tendency to aggregate/agglomerate,
especially when used as a nanopowder, as well as the sub-
sequent removal of this nanomaterial. Agglomeration re-
duces the surface area and, hence, the photocatalytic effi-
ciency of titania nanopowders (Bhattacharya et al. 2006;
Hajjaji et al. 2013). To avoid this problem, trials have fo-
cused on developing suitable substrates to immobilise the
fine TiO2 particles (Gong et al. 2015). Among these mate-
rials, clayey minerals are a good alternative (Hajjaji et al.
2013; Mustapha et al. 2020). This process is based on the
immobilisation of the particles of the photocatalysts, gener-
ally TiO2, on the clay. TiO2/clay composites have advan-
tages over commercial photocatalysts such as high surface
area, high hydrophobicity, and low economic cost.

Therefore, a number of publications have focused on the
use of halloysite-rich clay for the removal of various pollut-
ants such as organic and inorganic compounds, heavy metals,
and microorganisms. In addition to this, applications of po-
rous materials such as clays have recently been extended to
the catalytic oxidation of water pollutants. These materials are
used either as active catalyst in itself, or as a supported sub-
strate due to their high surface area (Djebali 2015).

Therefore, in this paper, the potential use of Tunisian clay-
ey deposits is studied, both as an alternative low-cost adsor-
bent for the treatment of wastewater and as composite mate-
rials with added TiO2 and photocatalytic capabilities to en-
hance the removal of a cationic dye (methylene blue) from
water using combined absorption and photodegradation.

Materials and methods

Materials

The raw halloysite-rich clay (H) was obtained from the north-
east Nefza region (northern Tunisia). The TiO2 used was a
commercial titania nanopowder (Aeroxide P25, Evonik).
The mixed clay-titania material was prepared by mixing the
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raw clay with the commercial titania. Four photocatalyst mix-
tures, each with a mass of 1 g, were prepared by adding clay to
titania with the ratios of TiO2:clay of 100:0 (Ti, pure titania);
80:20 (Ti80); 50:50 (Ti50); and 20:80 (Ti20). The mixtures
were ground for 2 min in an agate mortar. P25 has been well
characterised in a previous paper by some of the authors: it is
composed of 76.3 wt% anatase, 10.6 wt% rutile, and
13.0 wt% amorphous TiO2, with an average particle size of
21 nm (Tobaldi et al. 2014).

Physical characterisation

The mineralogical analysis was carried out by X-ray diffrac-
tion (XRD, Phillips X’Pert diffractometer equipped with Cu
kα radiation) on the total rock and the oriented aggregates,
either as a normal slide or after heating for 2 h at 500 °C
(resulting in weight loss, destruction of kaolinite, and dis-
placement of basal reflection (001) for other clay minerals)
(Hajjaji 2011), with ethylene glycol. The chemical composi-
tion of powdered samples was measured by X-ray fluores-
cence (XRF, Panalytical Axios Dispersive X-ray
Fluorescence Spectrometer). The morphology was
characterised by scanning electron microscopy (SEM,
Hitachi, SU 70). Specific surface area was obtained with a
Micrometics apparatus. The absorption gas used was nitrogen,
and the measurements are made at 77 °K (Brunauer et al.
1938), using the BET (Brunauer-Emmett-Teller) method.
Fourier transform infra-red (FTIR) spectra were obtained with
samples in KBr discs using a Perkin Elmer spectrometer
(Chaari et al. 2015). The dye used in this present study is
methylene blue (MB, Fluka 96%), an aromatic heterocyclic
azo compound with the molecular formula C16H18N3SCl.

The effect of parameters such as contact time, solution pH,
and initial dye concentration was studied in order to refine and
optimise the removal process of methylene blue from

laboratory-prepared aqueous solutions, using the previously
prepared clay materials.

Adsorption experiments

Adsorption tests of MB were performed in batches at room
temperature (25 °C) with varying contact times, and initial
MB dye concentrations of 10, 50, 75, 100, 150, and
200 ppm. 0.1 g of adsorbent (H) was added to 100 mL of
MB solution. The solutions were mixed vigorously with a
mechanical stirrer in the dark to avoid photolysis, and samples
were collected at predetermined time intervals of 0, 10, 20, 30,
40, 60, 90, and 120 min. After centrifugation at 4000 rpm for
15 min, the sample solution was analysed by measuring the
absorbance at a wavelength of 663 nm, using a Shimadzu
UV3100 spectrometer. Batch mode adsorption was selected
due to its simplicity and reliability.

The dye removal efficiency was calculated according to:

Dye removal efficiency %ð Þ ¼ Ci−Ce

Ci
*100 ð1Þ

qe ¼
Ci−Ce

W
*V ð2Þ

where Ci and Ce (mg/L) are initial and equilibrium dye
concentrations, respectively, qe (mg/g) is the adsorption ca-
pacity, W (g) is the mass of raw clay (H) (g), and V (mL)
represents the volume of adsorbate.

The study of adsorption isotherms makes it possible to
determine the adsorption capacity of the adsorbates on the
adsorbent and the type of adsorption mechanism.

To interpret the adsorption phenomenon of methylene blue
on the studied clay, we applied the Langmuir (Langmuir
1918) and Freundlich (Freundlich 1906) models (Eloussaeif
et al. 2009; Chaari et al. 2015).

Fig. 1 Photocatalytic
experimental setup
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The Langmuir equation is:

t
qe

¼ 1

qm
þ 1

KLqmCe
ð3Þ

where qm (mg/g) = maximum capacity of adsorption, qe
(mg/g) = capacity at adsorption equilibrium, KL (L/mg) = the
Langmuir constant, and 1/KL is the slope of the plot. The value
of qm is obtained from the intersection with the ordinate in the
beginning, and KL from the slope of the right-hand side, Ce/
qe = f(Ce).

The Freundlich equation is:

log qe ¼ log K f þ 1

n

� �
log Ce ð4Þ

where Kf and 1/n are constant and considered as indicators
of adsorption intensity. The value of 1/n is an indication of the
validity of adsorbent-adsorbate system. Values of n > 1 indi-
cate that the adsorption intensity is favourable (Eloussaeif
et al. 2009; Karim et al. 2010; Lazaar et al. 2017).

To know if the Langmuir models are favourable or not
towards adsorption occurring, the factor of separation, RL, is
used (Langmuir 1918).

This factor is calculated using the equation (Ašperger et al.
2014):

RL ¼ 1

1þ KLC0
ð5Þ

where KL = the Langmuir constant (L mg−1) and C0 = ini-
tial dye concentration (mg L−1).

The adsorption kinetics were studied using two models, the
pseudo-first-order and pseudo-second-order equations.

The pseudo-first order kinetic (Robalds et al. 2016) is
expressed as follows:

log qe−qtð Þ ¼ log qe−
k1

2:303

� �
t ð6Þ

where qe (mg/g) = the amount of MB adsorbed at adsorp-
tion equilibrium, qt (mg/g) = the amount of the MB adsorbed
at the time t (min), and k1 = the equilibrium rate constant
(min−1).

The pseudo-second-order model is derived from
(Bhattacharyya and Sharma 2004):

t=qt ¼ 1=k2q2e þ t=qe ð7Þ

where qe (mg/g) is the capacity at adsorption equilibrium, and
k2 (g mol−1 min−1) is the constant speed of adsorption.

where k2 = the adsorption rate constant, and qe and qt are
the quantities of MB dye adsorbed at equilibrium and after
time t, respectively, in mg/g.

Photocatalytic experiments

A 50 ppm of MB solution was used with 0.25 g of
photocatalyst (TiO2/clay), after mixing the solution for
10 min. The UV irradiation was only triggered after magnet-
ically stirring the suspension for 30 min in the dark, in order to
obtain an adsorption equilibrium. The UVA-light source was
a germicidal lamp (Philips PL-S 9 W), with an irradiance of
approximately 13 W m−2. The UV exposure was carried out
using two lamps on either side of the reactor (Fig. 1), with a

Table 1 Chemical analysis (%) of the halloysite-rich clay studied. LOI
loss on ignition

Clay sample SiO2 Al2O3 Fe2O3 CaO K2O TiO2 P2O5 LOI

H 43.6 39.2 0.52 0.10 0.42 0.02 0.03 15.9
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Fig. 2 X-ray diffraction pattern of the powdered clay (a) and the oriented
clay fraction (<2 μm) (untreated (b), heated at 550 °C (c), and glycolated
(d))
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distance of 5 cm between the lamps and the reactor (Hajjaji
et al. 2016).

The substrate removal rate (R) was calculated using the
following relationship:

R %ð Þ ¼ C0−Ct

C0
*100 ð8Þ

where C0 (mg/L) = initial dye concentration, and Ct (mg/
L) = its concentration after a certain UV irradiation time.

The apparent speed constant (k′app) was calculated from the
pseudo first-order reaction as follows:

ln (C0/C) = k′app t (9)

where C0 = initial dye concentration, andC = its concentra-
tion after irradiation time t. The plot of ln (C0/C) vs the contact
time t under UV exposure gives a straight line, where the slope
corresponds to the apparent pseudo-first-order rate constant
(k′app) (Hajjaji et al. 2016).

Results and discussion

Characterisation of the raw clay

The XRD of the raw clay shows the presence of halloysite (H)
(61%) associated with kaolinite (K) (39%) (Fig. 2). Table 1
also gives the X-ray fluorescence chemical composition of the
clay sample. This analysis showed a dominance of SiO2

(43.6%) and Al2O3 (39.2%). Relatively low contents of
Na2O and K2O were also identified. Figure 3 shows the FT-
IR spectrum of the raw clay (H). This spectrum shows absorp-
tion bands between 3694 and 917 cm−1, attributable to Al-Al-
OH− stretching and bending vibration modes. According to
the literature (Moussi et al. 2011), halloysite is chemically
similar to kaolinite. On other hand, the hydrated form of

Fig. 3 FT-IR spectrum of the raw
clay (H)

Kaolinite

Halloysite

Fig. 4 SEM images of the raw clay (H)

Table 2 Specific surface area, pore volume, and average pore diameter
of used clay, as determined by BET

Clay material SBET (m
2/g) Pore volume (cm3/g) Pore diameter (Å)

H 43.57 0.0015 181.38

Arab J Geosci          (2021) 14:400 Page 5 of 10   400 



halloysite, named “halloysite - (10 Å)”, has one layer of water
molecules sandwiched between the multilayers (Yuan et al.
2015). SEM (Fig. 4) showed that our material was composed
of a halloysite phase, with a tubular structure typical of hy-
drated halloysite and kaolinite in platy form.

The BET-specific surface area (SSA) of the clay (H) is
presented in Table 2. The values of the SSA of the material
were 43.57 m2/g. The N2 adsorption–desorption isotherms of
the clay are shown in Fig. 5, and they have a type IV adsorp-
tion isotherm, indicating that our clay is a mesoporous mate-
rial, with the pore diameter exceeding 20 Å (Webb and Orr
1988). The measured BET pore diameter of the clay was
181 Å.

Adsorption experiments

MB adsorption performance

These tests were applied to raw clay (H). The influence of time
on the adsorbed quantity (Fig. 6) is considered as an important
factor in this solid (H)-liquid (MB) extraction process. Indeed,

it helps to determine the equilibrium time of the reaction and
the kinetics of adsorption. The clay showed a very rapid initial
adsorption of MB (50 ppm), with 64.7% adsorbed after only
10 min. After 120 min of reaction time, the discoloration rate
had only increased to 68.8%, and the results indicate that an
equilibrium was obtained after only 60 min. The effect of the
initial MB concentration is shown in Fig. 7. The results show
that, when increasing the initial dye concentration, the absorp-
tion capacity of the clay increases, reaching up to 90% when
the initial MB concentration was 200 ppm. These values for
absorption capacity are close to those reported by Hajjaji et al.
(2013) and Andolsi (2016) in studies on the kinetics of MB
adsorption by clay. In this case, the initial concentration pro-
vided the driving force needed to overcome the mass transfer
resistance of MB between the clay’s aqueous and solid phases
(Ouasif et al. 2013; Mahammadi and Benguella 2016).

Equilibrium and kinetics of MB adsorption

To interpret the adsorption phenomenon of methylene blue on
the studied clay, we applied the Freundlich and Langmuir
models, the experimental Freundlich and Langmuir isotherms
of the clay being shown in Fig. 8, using 50 ppm of MB. The
values of the constants corresponding to each model are
summarised in Table 3. The maximum adsorption capacity,
determined from the Langmuir monolayer isotherm, is
31.25 mg/g for the raw clay. It was considered that this natural
clay has a moderate adsorption capacity in comparison with
other raw clays reported in literature (Hajjaji et al. 2013). The
high coefficient of determination (R2 = 0.96) confirmed that
these experimental data fit the Langmuir model well. These
results also showed that that RL was >0, indicating a
favourable adsorption of MB using this clay.

The measured parameters Kf and n by the Freundlich mod-
el, summarised in Table 3 and in Fig. 8, also indicated that the
adsorption process was favourable (0 < 1/n < 1), and there
were higher probabilities of multilayer adsorption of MB
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Fig. 5 Nitrogen adsorption isotherms for the raw clay (H)
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Fig. 6 Adsorption kinetics: effect of contact time of clay (H) on subse-
quent adsorption of MB. Experimental conditions: Ci = 50 ppm; T =
25 °C; m adsorbent = 0.1 g
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Fig. 7 Adsorption kinetics: effect of initial concentration of MB in dye
solution on adsorption of MB. Experimental conditions: T = 25 °C; m
adsorbent = 0.01 g; time of equilibrium = 120 min
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molecules through a percolation mechanism on the active sur-
face sites. However, the smaller R2 (R2 = 0.74) regression co-
efficient indicated a lesser affinity for interaction between the
adsorbate–adsorbent in this case. This demonstrates that a
monolayer adsorption, as depicted by the Langmuir model,
with a heterogeneous energetic distribution of the active sites
is more likely, accompanied by interactions between the
adsorbed molecules (Hajjaji et al. 2013; Lazaar et al. 2017).
Therefore, the values of the constants of each model (Table 3)
indicate that the Langmuir model perfectly represents the ad-
sorption process of MB, with a correlation coefficient value
close to unity (0.96), and the value of the Langmuir separation
factor (RL) is in the range of validity (between 0 and 1). This
reinforces the reliability of the Langmuir model, which relies
on the absence of interactions between the entities adsorbed
on sites of the same nature (Laabd et al. 2015).

The kinetics of MB adsorption on the clay were better
described by a pseudo-second-order equation than a pseudo-
first-order one. There was a much better fit of the pseudo-
second-order equation, which had an average regression coef-
ficient of R2 = 0.997, compared to R2 = 0.78 for the pseudo-
first-order model. These results suggested that the removal
process is due to chemisorption (Kooli et al. 2015).
Moreover, the qe value obtained experimentally using a
pseudo-second-order kinetic model (26.31 mg/g) was close
to the calculated adsorption capacity at equilibrium from the
Langmuir isotherm (31.25 mg/g) (Table 4). This model is in
good agreement with other MB adsorption on clay reported in
recent articles. These values of qe are close to those reported
by Andolssi (2016) and Chargui et al. (2018) in their studies
on the kinetics of MB adsorption by clay.

Photocatalytic decolouration of MB

It is important to state that the photoactivity test was car-
ried out by comparing the photocatalytic removal efficien-
cy in the presence of the mixed clay-TiO2 material under
UV irradiation with the amount of adsorption in the dark.
These TiO2 nanoparticles will absorb UV light to give rise
to very reactive oxygen species (ROS), which will lead to
the degradation of the substance in solution (Ammari
et al. 2016). The removal rates of the MB dye solutions
by clay/titania P25 composites, initially in the dark for
30 min, and then under UV irradiation for 3 h of reaction,
are shown in Table 5 and in Fig. 9. From all these results,
we find that during the initial 30 min without UV light
exposure, adsorption of the MB solution increases with a
decrease in the proportion of P25 titania in the clay
(42.4% and 60.6% of removal for Ti and Ti20, respective-
ly). This could be explained by the decrease of the poros-
ity of the clay by increasing the charge of the TiO2 ag-
gregates in the interfoliar space, which leads to the reduc-
tion of the active sites for the adsorption of the MB mol-
ecules (Djellabi 2015), as well as there being a lower wt%
of the clay present as TiO2 levels increase. These results
also explain the low value of the R2 coefficient for
decolouration observed in the Ti50 sample, (R2 = 0.59),
as it contains a less than optimum amount of either clay
or TiO2 at 50 wt% of each. By comparison, the R2 values
for Ti80 and Ti20 are virtually identical, at 0.80 and 0.79,
respectively (Table 5). Under UV irradiation, all the clays
with different ratios of TiO2 (Ti80, Ti50, and Ti20) show
slower MB photodecolouration than the pure P25 powder
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Fig. 8 Fitting with the linear Langmuir (a) and Freundlich (b) models for MB adsorption on clay (H)

Table 4 Pseudo-first- and second-order parameters for MB adsorption

Material Pseudo-first-order Pseudo-second-order

k1
(min−1)

qe (mg/
g)

R2 qe
(exp)

k2
(g/mg min)

qe (mg/
g)

R2

H −0.1 80.26 0.78 36.98 0.038 26.31 0.997

Table 3 Langmuir and Freundlich parameters for MB adsorption on
studied sample (H), estimated at room temperature

Material Langmuir Freundlich

qm (mg/g) RL R2 Kf (L/g) n R2

H 31.25 0.003 0.96 3.95 1.20 0.74
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(Ti), with all samples reaching their maximum degrada-
t ion only af ter 3 h of UV irradiat ion (Fig. 9) .
Nevertheless, the clay-TiO2 composites exhibited a pho-
tocatalytic efficiency only slightly lower than that of the
pure TiO2 powder, with values of 86.6%, 84.1%, 81.7%,
and 76.1% for Ti, Ti80, Ti50, and Ti20, respectively.

Therefore, we can see that the clay-TiO2 mixture success-
fully combines the phenomena of adsorption and
photocatalysis, with little loss in photocatalytic decolouring
efficiency, while maintaining a strong ability to physically
adsorb MB.

The plot of ln(C0/C) versus twith different mixtures of clay
(H)/TiO2 is shown in the Table 6 and Fig. 10. All the curves
showed a good linear correlation (R2 > 0.90), suggesting that
the decolouration ofMB by clay-TiO2 with UV light followed
a first-order kinetic.

Under the same experimental conditions, the apparent rate
constant (k′app) of MB decolouration was 0.313, 0.292, 0.247,
and 0.201 min−1, when the percentage (wt%) of TiO2 used
was 100, 80, 50, and 20, respectively. As the mass of TiO2

decreases, the apparent rate constant of photodecolouration
decreases, as would be expected.

The pH of the aqueous solution is one of the most impor-
tant factors in controlling the adsorption process, and its
effect on photocatalytic activity is important in order to
evaluate the efficiency of the technique, in this case for
water loaded with a pollutant. To evaluate the effect of pH
on the adsorption phenomenon, the adsorption of MB dye
with pH values of 3, 7, and 10 was studied. The photocata-
lytic decolouration of MB is best at acidic pH for pure P25
powder, the maximum decolouration of this dye being ob-
served at pH = 3 (98% photocatalytic decolouration effi-
ciency for Ti and Ti80). Indeed, in an acidic medium, strong
adsorption of the dye on the TiO2 nanoparticles and clays is
observed, probably due to the electrostatic attraction be-
tween the positive charge of TiO2/clays and the negative
charge of the dye. However, the rate of photocatalytic
decolouration decreases with increasing pH (> 7). We ob-
served 95% and 83% photocatalytic decolouration efficien-
cy for Ti and Ti80, respectively, at pH 7, and 90% and 81%
photocatalytic decolouration efficiency for Ti and Ti80, re-
spectively, at pH 10.

Table 5 Photocatalytic decolouration efficiency (ξ) and correlation
coefficient (R2) of the pseudo-first-order apparent constant of the
photocatalytic reaction (Ti = 100% TiO2)

R2 ξ (%)

Ti Ti80 Ti50 Ti20 Ti Ti80 Ti50 Ti20

H 0.85 0.80 0.59 0.79 86.6 84.1 81.7 76.1

Fig. 9 Photocatalytic removal
kinetics of 50-ppmMB dye under
UV light by clay (H)-based
titania/clay composites

Table 6 The apparent rate constant of the photocatalytic reaction as a
function of the percentage of TiO2

TiO2 (%) 100 80 50 20

k′app (min−1) 0.313 0.292 0.247 0.201
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Conclusions

This work reports the use of a Tunisian clay containing several
phases, namely halloysite and kaolinite, in the removal of
methylene blue cationic dye.

For methylene blue adsorption, the pure clay material
presented a lower adsorption capacity. The clay removed
68% of a 50-ppm methylene blue solution removal by
adsorption after only 2 h, and at a concentration of
200 ppm, the adsorption capacity reached 90%. Fitting
of experimental values by the Langmuir isotherm model
parameters was very acceptable (R2 up to 0.96), which
reveals that the adsorption process corresponds to a
monolayer coverage of MB molecules.

The second part reports the use of a constant quantity
of different mixtures of clay/P25 TiO2, with 0, 20, 50, and
80 wt% TiO2 added to endow photocatalytic properties.
With 20 wt% added TiO2 photocatalyst, this gave ~60%
removal after 1 h, increasing to 84.1% removal after a
further 3 h under UV light, through combined chemo-
physical adsorption and photocatalytic decolouration phe-
nomena. Due to the combined effects of adsorption and
photocatalysis, the removal of methylene blue from the
solutions was very efficient, even with clay compositions
containing low TiO2 levels . The photocatalyt ic
decolouration efficiency was influenced by the change in
pH. At an acidic pH of 3, high dye removal efficiency
was obtained (98% removal after 300 min). The high
dye removal efficiency at low pH is due to the electrostat-
ic attraction between the negatively charged dye and the
positively charged adsorbent surface.
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