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ABSTRACT: The present work has for the main objective the elimination of the textile dye Maxilon Red (MR)
by coupling two processes, adsorption on activated clay followed by photocatalysis over
the wurtzite ZnO. The influence of the physical parameters like the initial pH, adsorbent dose of
the activated clay, MR concentration, and temperature have been studied. The best adsorption yield occurs
at neutral pH ~ 7 within 60 min with an adsorption percentage of 97% for MR concentration
of 25 mg/L and an adsorbent dose of 0.5 g/L. The data were suitably fitted by the Langmuir model
with a maximum adsorption capacity of 175 mg/g. To investigate the adsorption mechanism,
the adsorption constants were determined from the pseudo-first-order, pseudo-second-order, and intraparticle
diffusion models. It was found that the MR adsorption is well described by the pseudo-second-order
kinetic. The thermodynamic parameters AH® = -17.138 kJ/mol, AS° = 32.84 J/mol K, and
AG==6.419 to—7.329 kJ/mol with rising temperature from 25 to 50°C indicated that the adsorption
is exothermic and spontaneous. The second part of this work was devoted to the photocatalytic
degradation onto ZnO under solar irradiation of the residual MR concentration, which remained
after adsorption. In this respect, the effect of ZnO dose and MR concentration has also been investigated.
The photodegradation rate reached 99% under irradiation within 90 minutes under the optimum
conditions. The parametric study showed that the elimination is very effective by photocatalysis,
based essentially on the in situ generations of free radicals ‘OH which are non-selective and
very reactive. The present study shows that the activated clay is an effective low-cost adsorbent
for the removal of Maxilon red from an aqueous solution.
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INTRODUCTION

The industry of textile dyeing is one of the major
responsible to environmental pollution because of the
massive discharge of wastewater containing a multitude of
dyes at high concentrations [1-3]. The presence of these

colorants in water is not only aesthetically displeasing but
are hazardous to biological organisms, human bodies
and ecologies [4-6]. Maxilon Red GRL is an industrial azo dye,
used as a model compound, and represents more than a half
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of the global dye production [7]. Maxilon Red has been
identified as one of the most problematic dyes, present
in the industrial effluents, which can be potentially life
threatening for living organisms [8-10]. Various
physicochemical and biological treatment techniques have
been documented to eliminate dyes at least below the
threshold imposed by the World Health Organization [11-13].
The adsorption is widely employed in the water
purification; the principle is to trap pollutants by
an effective adsorbent through physical and/or chemical
interactions [14-16]. Several materials are mainly derived
from sources like zeolites [17], activated carbons [18],
multiwall carbon nanotubes [19], chitosan [20], supported
semiconductors [21] and clays [22, 23]. In this regard, the
adsorption on clay is a practical and low cost way.
However, clay must be treated with acid, organic molecules,
treatments with cationic surfactants and polymer addition
to improve to their performances [24-25]. On the other
hand, advanced oxidation processes (AOPs) are attractive
and complementary method for the treatment of textile
wastewater effluents [26]. AOPs use strong oxidizing
substances, such as hydrogen peroxide [27], ozone [28]
and Fenton's reagent [29], to partially or completely
degrade the organic matter (dyes, pesticides, drugs etc...).
To improve the efficiency of conventional oxidation
techniques AOPs using multiple oxidation technologies
simultaneously have been developed, including photo-
Fenton process [30], UV photolysis [31], sonolysis [32]
and heterogeneous photocatalysis [33-35]. The latter
is a clean alternative in the environmental engineering,
currently extended to pilot scales for industrial goals.
Its main advantages are low cost, low energy consumption
with a variety of organic pollutants to treat and high
mineralization degree. nevertheless, its application remains
still limited to low pollutants concentrations and can be
used as downstream. Indeed, high dyes concentrations stop
considerably the penetration of the light which does not
reach the catalyst powder and inhibit considerably AOPs.
The combined adsorption/heterogeneous photocatalysis
appear an efficient and elegant method which brings
together the advantages of both processes [36-39]. In this
respect, acid activated clay find industrial applications
as bleaching earth, catalysts and catalyst supports and acid
attack is a useful to modify the clay. In this study,
we were interested by the treatment of waters containing
an azo dye namely the Maxilon Red (MR) through
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adsorption by activated clay (AC) followed by
photocatalysis on ZnO under sunlight. The remaining MR
concentration  after adsorption was removed by
photocatalysis through *OH radicals.

EXPERIMENTAL SECTION
Materials

All chemicals used in the experimental study were of
analytical grade quality. The Maxilon red MR (> 98%
purity, Fig. 1) was provided from Aldrich. HCI (37%),
H2SO4 (98%) and NaOH (> 99% purity) were purchased
from Merck company. Distilled water (0.9 MQ cm)
was used for preparing the solutions.

Analysis methods

The morphology of the powder of the raw clay and
activated clay was examined by scanning electronic
microscopy (SEM Philips XL 30, used voltage 10 KV).
The X-ray diffraction (XRD) was performed with
a Phillips PW 1800 diffractometer using Cu Ko, radiation
(A= 0.154178 nm); the data were collected over the 26
range (10 - 70°) at a scan rate of 0.5° min 1. FT-IR analyses
were performed within the range (450 - 4000 cmt) with a
BRUKER Spectrum equipment (Germany). The MR
concentrations were determined with a UV-Vis
spectrophotometer Optizen 2120 UV-Visible (Amax= 530 nm).

Preparation of the adsorbent

The clay used in this work was a Bentonite from
Laghouat (~ 600 km South Algeria). It was thoroughly
washed by dispersion in water. In order to activate the clay,
10 g was mixed with 100 mL of HCI (1 M) at 100 °C
during 6 h, the content was separated from the solution and
washed several times until complete CI- removal (negative
test with AgNQ3) and dried at 100 °C overnight.

Adsorption and photocatalysis experiments

Batch adsorption experiments of MR were carried
in a double walled Pyrex reactor of 250 cm? capacity whose
temperature was regulated with a thermostatic bath. The
MR solutions (25 - 125 mg/L) were prepared by dilution
from a stock solution (1000 mg/L, Merck, 99.5%).
The effect of pH on the adsorption was examined over the
pH range (3 - 9), it was adjusted with NaOH (0.1 N) or
H>SO4 (0.1 N) and measured with a Hanna HI 2210 pH-meter.
The kinetics, isotherms at various MR concentrations
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Fig. 1: Chemical structure of Maxilon Red.

(25 - 125 mg/L) and equilibrium adsorption were performed
in the temperature range (25 — 50 °C). The removal
efficiency (%) and the adsorption capacity g and g: (mg/g)
are given from the relation:

C. —-C,
MRremovaI(%):MxlOO (€D)]
Cin
cC. -C. )V
qe:( in fln) (2)
M
C, -C,)V
- Cn=C) Y ©
M

where Cin , Csin and C; are the initial and final MR
concentration (mg/L), V is the volume of the solution (L)
and M is the adsorbent dose (g). The remaining MR
concentration  after adsorption was treated by
heterogeneous photocatalysis on ZnO exposed to solar
light. ZnO was synthesized from zinc acetate (Zn
(CH3COQ),, Sigma-Aldrich, > 98% purity) at 350 °C
in a ventilated place.

The photodegradation was realized in a double walled
borosilicate reactor connected to a thermo stated bath
whose temperature was regulated at 25 °C. The powder
was magnetically dispersed (300 rpm) and reactor
was exposed to solar light (July); the incident flux
(980 mW cm2) was measured with a calibrated light meter
(Testo 545). The photodegradation efficiency of MR
was calculated from the following relation:

c,-C)

MRphotodegradation(%):('—xloo 4
Cc

r

Where C; is the the remaining MR concentration, and C is
the maxilon red dye residual concentration in solution.

RESULTS AND DISCUSSION
Characterization

The powder XRD pattern of the raw clay (Fig. 2 a)
shows the presence of the mineral clay including the main
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crystalline clay phases like (lllite at 9.97 A (8.88°, 20%),
Clinochlore at 7.14 A (12.2°, 5%), Orhtoclase at 3.77 A
(23.5°, 5%) and Albite at 6.41 and 3.18 A (14° and 28°)
and non-clay phases as Quartz at 4.26 A (20.9°, 70%), 3.34
A (26.6°) and 2.45 A (36.6°) and Calcite at 3.03 A (29.5°,
5%). The indexation of XRD peaks was realized according
to the JCPDS Cards [40]. The XRD pattern of the crude
clay after chemical treatment by HCI solution (Fig. 2 b)
has remained nearly intact and therefore the chemical
treatment did not influence its structure as shown by XRD
analysis.

The XRD pattern of ZnO (Fig. 2 c) is in perfect
agreement with the hexagonal wurtzite ZnO structure
(JCPDS 01-080-0075).

Fig. 2 shows texture of the clay before and after
acid activation. The surface of brut clay is rough and
uneven whereas, after acid activation, the clay surface
is rough, raptured and porous. This change in the
morphological properties is due to the removal of metals
from the surface of the clay, making it more porous
and rough.

The FTIR analysis was conducted with the raw clay,
activated clay and MR activated clay in order to identify
the functional groups involved in the adsorption (Fig. 4).
The broad band at 3613 cm™ is due to "OH of interlayer
water while the peak 1432 cm™ is attributed to the
stretching vibration of adsorbed water. The bands at 780
and 689 cm referred to Si-O and Si-O-Si, respectively,
attest the presence of tetrahedral silica layers. For the
activated clay adsorbing MR (Fig. 4 d), we notice that
the intensity of the peak at 990 cm increased after the MR
adsorption.

Effects of physical parameters on the MR adsorption
Contact time

The influence of the contact time on the MR removal
onto the activated clay is carried out at MR dye
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Fig. 2: XRD patterns of (a) raw clay (b) activated clay and
(¢) ZnO semiconductor.
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concentration of 50 mg/L, adsorbent dose of 0.5 g/L,
temperature of 298 K and pH ~ 7 (Fig. 5).Three different
stages are clearly distinguished in the curve: the first one
represents the instantaneous adsorption of MR which
occurs within 15 min, the second stage shows a
progressive equilibrium up to 60 min with a tendency
to saturation while the third stage indicates the reached
equilibrium, similar kinetic behavior was already reported
elsewhere [41].

Initial pH

The pH is a controlling parameter that strongly
affects the MR adsorption on the surface of activated
clay. Its influence on the MR adsorption was studied
over the pH range (3 - 9). The effect of initial solution
pH on the Cr(VI) adsorption on activated clays
was studied at the conditions of contact time, 120 min;
adsorbent dosage, 0.5 g; and temperature, 25 °C.
The results (Fig. 6) indicate a maximum MR removal (96 %)
at neutral pH ~ 7, close to that of the environmental
medium. The results show that the adsorption efficiency
of MR increases with augmenting pH. At low pH,
the number of H* ions increases, thus bridging the ligands
between the adsorbent and MR molecules. As the pH
increases, the number of OH" ions increases and attract
cationc ions MR for the adsorption on the clay. Similar
results were reported for the MR adsorption on different
adsorbents [42-44]; therefore, pH ~ 7 was selected
for the further studies.

Adsorbent dose

The adsorbent dose is also important to take into
consideration; it determines the uptake capacity of
adsorbent for a given MR concentration. The effect
of activated clay dose for the MR removal was studied
in the range (0.1 - 1 g/L) for an initial MR concentration (C;)
of 50 mg/L and pH ~ 7 and at temperature of 298 K (Fig. 7).
The dose was varied from 0.1 to 1 g/L; keeping constant
the MR concentration. As expected the MR adsorption
increases with raising the dose of activated clay and
remains almost constant beyond 0.5 g/L. This may be
simply due to the increased availability of surface active
sites resulting from the increased dose and conglomeration
of the adsorbent; the saturation is attributed to the
occupation of active sites [44].
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Fig. 3: SEM images of (a) raw clay (b) activated clay sample.
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Fig. 4: FT-IR spectra of (a) MR dye, (b) raw clay, (c) activated
clay, (d) activated clay after adsorption.

Initial concentration

The effect of MR concentration was investigated
in the range (25 - 125 mg/L) with the optimized clay dose of
0.5 g/L, pH ~ 7, a temperature of 25 °C and duration of 2 h.
Fig. 8 shows the dependence of the adsorption rate on the
initial MR concentration (Ci,). The percentage of MR
removal decreases from 97 to 66% from 25 to 125 mg/L.
It is obvious that the MR removal is dependent on its
concentration since the increased Cin improves the amount
of the adsorbed dye. This retention at low MR
concentrations is due to the available active sites on the
adsorbent. However, the increase of MR concentration
leads to a rapid saturation of active sites, resulting
in decreased removal efficiency [44].

Temperature

The adsorption of MR on activated clay was carried at
25, 30, 40 and 50 °C, maintaining the pH, initial
concentration Ci, at their optimal values: however in order
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Fig. 5: Effect of contact time on the removal of MR on activated clay
(Cin =50 mg/L, pH ~ 7, adsorbent dose = 0.5 g/L and T = 25 °C).

to study the effect of temperature we have taken a clay
dose at 0.25 g/L instead of 0.5 g/L (Fig. 9). It can be observed
that the adsorption percentage decreases 82 to 73%
with raising the temperature from 25 to 50 °C. This is due
to either the damage of active binding sites in the adsorbent
or the increasing tendency to desorb the dye from
the interface toward the solution. Such results indicate
the exothermic nature of the adsorption process [45].

Modeling adsorption isotherm

The adsorption isotherms show the dependence of
the adsorbed amount per unit mass of the clay versus the initial
MR concentration (Ci,). The maximum adsorption
capacity is determined by using the adsorption isotherm
models. The most commonly used isotherms for modeling
adsorption processes in liquid phase are those of
Freundlich, Langmuir, Temkin and Dubinin Radushkevich
(D-R) models [46-49]. The isotherms help to design
the suitable experimental system and to evaluate it and to find
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Fig. 6: Effect of solution pH on the MR removal on
activated clay (Cin = 50 mg/L, adsorbent dose = 0.5 g/L and
T =25°C).
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Fig. 7: Effect of adsorbent dose of activated clay on the removal
of MR (pH =7, Cin=50 mg/L and T = 25 °C).

out a deviation between experimental data and isotherm
models. The adsorption isotherms are helping to describe
surface processes of adsorbent, type of adsorbate
monolayer or multilayer and maximum adsorption
capacity of adsorbent, used for this work. Parameters of
Freundlich, Langmuir, Temkin and Dubinin Radushkevich
(D-R) isotherm models are calculated and presented
in Table 1.

Where Ce is the equilibrium MR concentration(mg/L);
e is the amount of MR adsorbed per gram of the adsorbent
at equilibrium(mg/g); ¢q,, is saturated monolayer
adsorption capacity; b is Langmuir isotherm constant; Kge
is the Freundlich constant [(mg/g)(L/mg) *™]; n is the
heterogenity factor; K: constant related to the adsorption
energy, Gmasx 1S the maximum amount of MR adsorbed per
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Fig. 8: Effect of initial concentration and contact time on the
removal of MR onto activated clay (pH = 7, adsorbent dose =
0.5¢g/Land T =25 °C).
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Fig. 9: Effect of temperature on the removal of MR on activated
clay (pH =7, Cin = 50 mg/L and adsorbent dose = 0.25 g/L).

unit mass adsorbent (mg/g); B
Radushkevich constant and
(e =RTIn (1+ 1/Cy).

Dubinin-Radushkevich isotherm model does not
assume a homogenous surface or constant adsorption
potential. It is used to determine the nature of adsorption
process and the mean energy of adsorption. The D-R
isotherm equation and its linear form are represented
in the Table 1. The mean free energy of adsorption (Eags)
can be calculated using the Equation (5):

is the Dubinin—
eis Polanyi potential

E s = ﬁ (5)

The best fit, suitability, and agreement isotherm
models were validated using three statistical models:
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Table 1: General forms of isotherm models used in this study.

[ Isotherm model Functional form Linear form Plot \
. am b Ce . 1 C,
Langmuir = —=—4— Celqe Vs C
9= T4bC, Ge Gnb_Gn e B e
Freundlich e = KeC,T Inge = InKy + = InC, In g, vsin C,
i RT RT
Temkin Qe = Eln(KT Ce) Qe = Eln Kt +Eln Ce ge Vs In C,
\_ Dubinin Radushkevich Qe = Qmaxexp( —B €?) Inge = Inqpax —B €2 In g, Vs &2 Y,

sum of square error (SSE), chi-square test (¥2),
and normalized standard deviation (Aq). The Sum
of Square Error (SSE) is widely used and its mathematical
expression is given [50]:

n

SSE =Y (deexp ~ Uecar) (6)
i=1

Better agreement between the experimental quantity
adsorbed and the calculated quantity adsorbed can be judged
using this tool [51].

The chi-square test measures the difference between
the experimental (ge.exp) and calculated adsorbed amounts
(Qeexp and (Qeca). The value of chi-square depends
on the agreement between Qe exp and e cal. If data evaluated from
the model are similar to experimental data, %*> would be
small and differ, %2 for large values [52].

2 " (Qeexp — qe.cal)2

=X @)
i=1 Ue.cal

The normalized standard deviation Aq (%) is evaluated
using Equation (8). The isotherm model to describe the
adsorption is validated by the normalized standard

deviation, Aq (%) [50].
where n is the number of data points. Lower value of
Aq (%) indicates good fit between experimental and

calculated data.
n (qe.exp “Uecal \2
Xl |

\ qe.cal )

n-1

Aq(%) =100 x (8)

Based on R? and relatively low SEE, %2, and Aq
presented in Table 2, the isotherm models fit the
equilibrium data well in the following order: Langmuir >
Temkin > Temkin > Dubinin—Raduskevich > Freundlich.

Therefore, it can be assumed that the adsorption occurs
uniformly on the active sides of the adsorbent and is

Research Article

favorable when n lies between 1 and 10. In this case,
n works out to be 3.21 (Table 2), indicating a favorable
adsorption and the validity of the Freundlich model.
The values of the Temkin isotherm parameters listed in Table 2
suggest a uniform distribution of the binding energy up to
the maximum value.

The essential characteristics of the Langmuir isotherm
is expressed in terms of dimensionless constant separation
factor (Rv) [44; 48]:

1

e ©

Ry characterizes the shape of the isotherm: unfavorable
(R > 1), linear (R.= 1), favorable (0 < R <1), or
irreversible (R = 0); R. values between 0 and 1 give a
favorable adsorption. In the present investigation, R lies
between 0.071 and 0.188, showing a favorable adsorption.

The value of Eags is useful for determine the type of
adsorption. The Eags value between 8 and 16 kJ/mol
corresponds to chemical adsorption process while values
smaller than 8 kJ/mol give a physisorption [49-54].
The experimental value (3.41 kJ/mol) indicates a physical
adsorption process.

Adsorption kinetics study

The kinetic model of solute adsorption at the interfaces
solid/solution is usually complex. The adsorption rate
is highly dependent on several parameters such as the status
of the solid matrix that has generally heterogeneous
reactive sites, and physicochemical conditions of
adsorption. Several kinetic models are available
in the literature to describe the mechanism of adsorption.
In this work, the adsorption of MR onto activated clay
was investigated by the pseudo first-order, pseudo second-
order and intraparticle diffusion and film diffusion models,
with the aim of selecting the one able to provide the best
kinetic description of the process.
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Table 2: The Langmuir, Freundlich, Temkin and Dubinin—Radushkevich isotherms parameters for the adsorption

of MR onto activated clay.

4 Model Parameters Value A
0 (MY/Q) 175.65
b (L/mg) 0.52
RL 0.071-0.188
Langmuir R 0.9938
SSE 151.133
w2 1.044
Aq(%) 2.155
KF (mg/g)(L/mg) 1/n 62.69
n 321
Freundlich R? 0.8503
SSE 1806.72
12 15962.32
4q(%) 53.73
Kr (L/mg) 7.88
br (I/mol) 79.33
Temkin R2 0.9557
SSE 475.24
x2 3.48
Aq(%) 4.73
Omax (MY/g) 198.48
€ (Mol?/KJ?) 4.30 x 108
R2 0.8615
Dubinin-Radushkevich Es (KI/mol) 341
SSE 1696.51
%2 44.69
Y Aq(%) 87.27 )

The Lagergren equation is the earliest known model
describing the adsorption rate in the solute-adsorbent

systems and is widely used for the pseudo first order
kinetic [55-58]:

— =k, (a,-a,) (10)

Where ki is the pseudo first order adsorption rate
coefficient (min'). The integrated form of Eg. (10)

100

for the boundary conditions (t = 0 to t and g:= 0 to q;) becomes:

K.t
log(d, -q,)=logqg, - — (11)
2.303

The ki values are obtained from the slopes of linear
plots log (q, — q,) Vversus the time t.

The second order kinetic is tested on the basis of
the following equation [55-58]:
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d
2 (a-a,) (12)
dt

ko is the pseudo second order adsorption rate
coefficient (g/mg min). For the boundary condition, Eq. (9)
becomes:

Lot (13)

A (kyqr) 9

In the adsorption system if intraparticle diffusion
is the rate-controlling factor, percentage of the adsorbate varies
with the square root of time as described by Weber and
Morris [59-61]. The equation on the intraparticle diffusion
model is given by following equation:

qt:kint”2+C (14)

where ki is the internal diffusion coefficient (mg/g min%?),
g: the amount (mg/g) of MR adsorbed at time t (min)
the sorption time; the constant C can be obtained from
the slope and intercept of the plot g: versus tY2,

The data were modeled using the pseudo first order
model, pseudo second order model and intraparticle
diffusion models for MR removal were tested with
experimental data at different pHs, adsorbent dose and
initial concentrations and at different temperatures.
The rate constants, correlation coefficients (R?), and
the theoretical adsorption capacity were calculated for
the three models according to Equations 11, 13 and 14 and
are summarized in Table 3.

From the results obtained, the theoretical adsorption
capacity calculated by pseudo first order kinetics is lower
than the experimental value and the correlation coefficient
was low. However, the plot of t/q versus t shows a good
linearity indicating that the adsorption follows a pseudo
second order mechanism. The pseudo second order kinetics
was the model that gave the best fit to the experimental data
(its correlation coefficients are higher than 0.9999, while
those for pseudo first order are 0.6959 < R? < 0.9898).
Indeed, the correlation coefficient has been proposed
as a good criterion for selection of a kinetic model.
The theoretical adsorption capacity determined by the pseudo
second order Kinetics differs from the experimental values
by only 3%, and the correlation coefficient R? is higher than
0.9999 for all studied parameters. A pseudo second order
adsorption mechanism assumes that the rate of occupying
adsorption sites is proportional to the square of the number
of unoccupied sites [62].
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The intraparticle  diffusion  model  considers
the adsorption of MR onto activated clay occurs in a three stage
process : the rapid adsorption stage can be attributed to
the diffusion of adsorbate through the solution to the external
surface of the adsorbent or the boundary layer diffusion of
the adsorbate molecules, the gradual adsorption stage,
where intraparticle diffusion is rate controlled and the final
equilibrium stage where intraparticle diffusion starts to slow
down due to extremely low adsorbate concentrations in the
solution [63-64]. The Kkinetic data were processed to
determine whether intraparticle diffusion was the rate
limiting step or not. From the results obtained (Fig. 13),
the straight line did not pass through the origin, suggesting that
the intraparticle diffusion was not only the rate controlling
step [64]. The result showed that the adsorption process was
complex and involved more than one mechanism.
The straight lines obtained when fitting experimental data
did not pass through the origin, also indicating that pore
diffusion was not the only controlling step [56; 64].
The multilinearity of simulated curves for the test data indicates
that two or more steps occurred in the adsorption process.
The first straight portion is attributed to the fast mass
transfer of adsorbate molecule from the bulk solution
to the adsorbent surface and the second linear portion to the intra-
particle diffusion.

Kinetic parameters for adsorption of MR dye onto activated
clay are given in Table 3. Based on the correlation coefficients
values, the R? of the pseudo second order model are higher than
those for the intraparticle diffusion model, suggesting
a chemical reaction mechanism [54].

Thermodynamic analysis

Temperature is important parameter in the adsorption
studies because some important thermodynamic parameters
such as enthalpy change (AH®), entropy change (AS°),
and Gibbs free energy change (AG®) could be determined
by using the following equations [65-70].

KD=Z: (15)

AG° = -RTInK, (16)

AG°= AH° —-TAS° 17)
AS® AH°®

InK, =

(18)

Where Kp is the distribution factor (amounts of MR
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Table 3: Parameters of pseudo-first-order, pseudo-second-order and intraparticle diffusion models
for the MR adsorption onto acivated clay.

4 pseudo first ordre pseudo second ordre intraparticle diffusion )
Oer exp T, cal kl; 10 Ce, cal k2110 c Kin rerl:?ol?/al
R? R? R?
(mg/g) (mgfg) | (min) (mg/g) | (9/mg.min) (mg/g) | (g/mg.min) (%)
pH
3 82.83 20.24 2.01 0.9836 85.03 2.14 0.9998 58.07 241 0.9364 82.83
4 88.03 16.37 2.37 0.8096 89.61 312 0.9998 62.02 2.92 0.6247 88.03
5 924 21.65 2.56 0.9643 94.07 27 0.9999 62.29 3.35 0.8731 924
7 95.7 11.43 1.67 0.9826 96.25 3.48 0.9999 80.13 1.41 0.9431 95.7
9 95.8 23.21 191 0.9512 97.66 1.97 0.9999 62.42 3.52 0.9378 95.8
S/L (g/L)
0.1 238.6 67.69 1.29 0.9898 241.55 0.61 0.9982 157.17 6.56 0.9477 47.72
0.25 165.62 37.98 2.37 0.9811 158.23 1.84 0.9998 110.01 5.01 0.9942 82.81
05 95.7 14.55 1.96 0.9487 95.88 4.34 0.9999 7247 281 0.9202 95.7
0.75 64.58 4.38 231 0.8699 65.32 17.66 0.9999 57.36 1.03 0.8871 96.88
1 124.19 2.61 3.07 0.8806 49.36 36.78 0.9999 46.13 0.36 0.7763 98.37
Co(mg/L)
25 48.51 6.2 3.16 0.9223 48.83 15.52 0.9999 40.77 0.91 0.8608 97.03
50 95.08 14.55 1.96 0.9487 95.88 4.34 0.9998 73.91 241 0.9003 95.08
75 134.04 2171 3.83 0.9746 134.95 5.67 0.9999 106.05 3.65 0.8064 89.36
100 166.59 27.85 2.53 0.9279 168.07 2.69 0.9998 133.61 3.63 0.7419 83.3
125 166.75 48.45 2.39 0.9016 170.36 1.29 0.9992 119.63 4.01 0.9688 66.7
T(°C)
25 165.62 28.07 5.52 0.7375 166.11 10.5 0.9999 147.71 2.76 0.7824 82.81
30 161.78 38.42 5.97 0.6959 162.6 6.74 0.9999 117.81 8.14 0.9263 80.84
40 157.94 39.13 474 0.8273 158.98 5.17 0.9999 123.83 4.97 0.9508 78.97
L 50 146.38 123.73 27.27 0.9532 146.63 19.54 0.9999 114.13 6.45 0.7449 73.19 )
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Table 4: Thermodynamic parameters for the RM adsorption on activated clay.

4 T(K) AH® (kJ/mol) AS® (J/mol K) AG® (kJ/mol) I
298 -7.329
303 -7.12
-17.138 -32.84
313 -7.05
\ 323 -6.419 j
Table 5: Comparison of the maximum adsorption capacity gm of some adsorbents.
/ Adsorbents Adsorption capacity (mg/g) Reference \
Silica 3.03 [72]
Bentonite 33.78 [73]
Natural sugarcane stalks powder 20.96 [74]
Acivated Algerian clay 175.74 Present work
Treated Algerian natural phosphates 29.06 [75]
k Activated carbons from surplus sewage sludge 188 [76] /

adsorbed per gram of activated clay divided by its
concentration in the liquid phase), R (8.314 J/mol/K)
is the universal gas constant and T is the temperature
in Kelvin

It can therefore be ascertained from Table 4 that
the adsorption process is exothermic because the value of AH®
is negative (-17.138 kJ/mol), the standard entropy change
AS° (-32.84 J/mol K) show that the adsorption is done
with increasing order at the solid-solution interface during
the MR adsorption. This entropy is used to describe
the randomness at the solid-solution interface during
the adsorption process. The negative free enthalpy AG®
indicates a spontaneous adsorption and its decrease
with increasing temperature confirms the feasibility of the MR
adsorption. The negative values of the standard Gibbs free
energy (AG°) indicate the viability, feasibility, and spontaneity
of the adsorption process. According to the literature,
the change in free energy for physisorption is usually
between —20 and 0 kJ/mol, whereas that for chemisorption
is often in the range of —80 to — 400 kJ/ mol [44; 71].
The AG® value obtained in this research indicated that
the adsorption is physisorption.

Comparison of gmax adsorbents with other adsorbents of
MR dye

The comparison of the adsorption capacities of
the activated clay with materials used in the open literature

Research Article

reveals better results. Table 5 compares the maximum
adsorption capacities gm (mg/g) on various adsorbents and
shows that our activated clay adsorbs better than the
zeolites, biomass materials and others clays all have
substantially lower adsorption capacity. Therefore,
it appears that the abundance of this material and its ability
to remove the dye with high performances are beneficial
and promising for the environmental protection.

Photodegradation of MR by ZnO
Effect of operating parameters on the photodegradation of
MR dye

The adsorption reduces considerably the MR concentration
but not enough to comply with the directives of the water
standards. At low concentrations, the photocatalysis takes
over to eliminate by advanced oxidation process (AOPS)
the remaining MR concentration (C;) on illuminated ZnO
suspension acting as an infinity of micro-photoelectrochemical
cells. In order to determine the photocatalytic performance
of ZnO, it is imperative to study the variation of the main
physico-chemical parameters namely the contact time;
ZnO dose and MR concentration (Cy).

Contact time

The photocatalytic degradation of MR was carried out
after a dark adsorption on ZnO which occurs in ~ 60 min
atpH~7, ZnO dose of 1 g/L and a concentration C; of 16.7 mg/L.
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It is worthwhile to mention that ZnO is stable in the pH
range (4-12); above and before if dissolves respectively
into ZnO,%* and Zn?*. The kinetic (Fig. 10) shows that MR
disappears almost completely (95%) after 2 h of exposition
to solar irradiation (~ 970 mW/cm?).

Catalyst dose

In order to determine the optimal dose of ZnO for
a maximum absorption of incident photons, we have varied
the dose in the range (0.1 - 1 g/L) at 25 °C keeping the MR
concentration at 16.7 mg/L and pH ~ 7.

We can see that the degradation yield increases with
raising the ZnO dose to reach an optimum of 0.5 g/L
followed by a plateau region when further ZnO was added
(Fig. 11). Such enhancement is simply due to the higher
reception surface for the incident photons, generating
a high number of HO* and O™ radicals, respectively in the
valence and conduction bands which participate in the MR
degradation through AOP mechanism. The plateau region
is due to the shadowing effect and light scattering which
limit the reception surface area. The scattering light
and shadow effect also account for this saturation.

Remaining MR concentration C;

To determine the effect of the remaining MR
concentration on the course of the reaction, we have varied
Cy inthe domain (2.5 —41.3 mg/L) by maintaining the ZnO
dose and pH at their optimal values, 0.5 g/L and 7
respectively and ambient temperature (Fig. 16).

Mechanism of photodegradation

The MR degradation takes place within a short period
at low concentrations due to the decreased number of MR
molecules by adsorption. Boughelout et al. [76] explained
this phenomenon by the fact that when the number of
molecules of the substrate is low, the competition for
the photogenerated reactive species (HO", h*, e~ ..) is small and
the availability of the latter becomes relatively larger.
By contrast, the increased concentration weakens the light
flux, in accordance with the Beer Lambert law, and in this
way the number of photons reaching the catalyst surface.

The iso-electric point of ZnO is found to be 7.5 and
the attachment of MR by electrostatic interactions on
the catalyst should facilitate the electron transfer. Fig. 10
gives the UV-Visible spectra of MR solution under solar
light. The decrease of the absorbance at 530 nm over
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Fig. 10: Effect of contact time on the photodegradation of MR
on ZnO (Co ~ 16.7 mg/L, pH = 7, adsorbent dose = 1 g/L).
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Fig. 11: Effect of the catalyst dose on the photodegradation of
MR onto ZnO (pH ~ 7 and Co = 16.7 mg/L).
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Fig. 12: Effect of initial concentration on the photodegradation
of MR onto ZnO (pH =7 and catalyst dose = 0.5 g/L).
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irradiation time is due to MR light induced oxidation
since MR is not degraded by photolysis. The photo-
electrochemical reactions occurring at the interface are
the following [76]:

zZno+hv —2 5 hi L +ecy (19)
eco + 0} = O (20)
hyg+H,0 > OH +H" (21)
H,0'+H" > H,0, (22)
OH"+0, + dye > CO, + H,0 (23)

The potential of O,/03 couple (~ -0.5 V) is less
cathodic than ZnO-CB (~ -0.83 Vsce) [77-78], and
the photoelectrons generate O3 radicals responsible
of the MR degradation. Concomitantly, the holes
in the valence band (2.37 V) permit the oxidation of water
by OH *radical, resulting in prolonged lifetime of carriers.

Photodegradation kinetics

To describe the kinetics of the MR degradation,
we were inspired by the results reported in the literature [34].
In most cases, the kinetics of the photodegradation of
organic molecules are described by a first-order model:

r=-—=k._. .C (24)

Where r is the rate and Kkapp (Mn™) the apparent first-
order rate constant; the integration of Eq. (21) gives:

In Co =k, .t (25)

The plots In (Co/C) as a function of time for each
studied parameter are linear, indicating a first order.
The constant kapp is characteristic of photocatalytic process
in agreement with the Langmuir-Hinshelwood (L-H) model
and the hypothesis evokes the case of a diluted medium [34].
Fig. 13 show that the rate of MR disappearance can be described
by a first order kinetic.

The Kapp values make it possible to deduce two other
parameters of major interest, namely the initial rate (vo)
for which the dye MR degrades with a half-time (t.) given by [79]:

In2

t,, = (23)

1/2
kapp
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Fig. 13: Application of Langmuir —Hinshlwood model.

The corresponding half times and rate constants Kapp
were calculated by plotting the In(Co/C) versus time,
whose derived values are presented in Table 6.

Table 6 shows that the initial degradation rate increases
with the initial MR concentration (C;), which improves the
overall photocatalytic efficiency by promoting contact MR
substrate with the photogenerated species degradation rate
falls above C; value of 2.5 mg/L because the MR molecules
can absorb a significant amount of incident light, thus
reducing the production of hole/electron (e/h*) pairs.

As shown in Table 4, MR dye degradation follows
the pseudo-first order kinetic model. The rate constant
increase with the ZnO concentration and approaches
a limit value at 1 g/L of catalyst. However, The apparent rate
constant kap, decreased with the increasing in the initial
concentration of MR when other parameters are maintained
unchanged.

Modeling of degradation Kkinetics by the Langmuir-
Hinshelwood

The photocatalysis involves an electronic transfer
described by the L-H model, about the oxidation kinetic of
organic pollutants. This formalism relies on the fact that
the organic molecules before their photodegradation, are
adsorbed according to the Langmuir model. The
degradation rate at different MR concentrations, indicates
that although the MR adsorption is low on the catalyst
surface (~ 8%), it plays an important role in photocatalysis
owing to the physical contact; the relation linking the rate
to the concentration of the substrate:

k, k,C

Vok, C=-tleZ (26)
1+k,C
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Table 6: Value of kinetic constants, times of half reaction for different catalyst dose and MR concentration.

4 Kapp X10% (min't) R? tyz (Min) MR photodegradation (%) I
Catalyst dose (g/L)
0.25 1.091 0.9766 63.53 81.05
0.5 1.602 0.9875 43.27 94.43
0.75 1.702 0.9846 40.72 94.72
1 1.97 0.9745 35.18 96.4
Cr (mg/L)
25 3.563 0.9975 19.45 99.48
8 2.657 0.9625 26.08 98.03
16.7 1.602 0.9875 43.27 94.43
k 41.3 0.48 0.9624 144.41 65.32 /

Where k; (mg/L min) and ks (L/mg) are the reaction rate
and adsorption constants respectively.

— - i @7)

The graphical representation of 1/kaip as a function
of C,, is linear and confirms the validity of the L-H model
(R? = 0.9927) (Fig. 13). The slope and the intercept
of the straight line 1/k.p against C; give the constants
kr (32.53 x 102 mg/L min) and ks (19.30 x 102 L/mg).

CONCLUSIONS

The purpose of this study was devoted to the utilization
of abundant clay to adsorb the Maxilon Red, a dye
threatening the aquatic environment. The work consists
of the preparation of activated clay by acid attack
for the treatment of the dye, used in the textile industry.
The physical parameters revealed that the MR adsorption
on activated clay increases with pH and indicated a gradual
removal of the dye with temperature. Raising the adsorbent
dose increased the adsorption removal and peaks at of 0.5 g/L.
The maximum adsorption capacity of the activated clay
of 175 mg/g is higher than most capacities mentioned
in the literature in which the authors used expensive
materials. The kinetic studies showed that the MR removal
is rapid and obeys to the pseudo second order model with
a strong affinity for the activated clay surface The material
presents an exothermal behavior and the free energy
indicated a spontaneous adsorption.

The combined adsorption/photocatalysis has significantly
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improves the MR elimination up to 100%. In summary,
we can say that our objective was reached but must be
broadened for applications to other types of pollution,

and especially the mineral pollution.
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