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ABSTRACT

Montmorillonite clay was incorporated with ZnO to get ZnO-montmorillonite nanocomposite.
This nanocomposite was successfully used for removal of Rhodamine 6G by photocatalytic
degradation and adsorption. The influence of contact time, initial dye concentration, pH and
catalyst dose has been determined. Contact time of 80min and pH 3 was optimized for
photocatalytic degradation of Rhodamine 6G. Kinetic parameters like pseudo-first-order,
pseudo-second-order, Elovich and intraparticle diffusion model were determined.
Pseudo-second-order kinetics could describe the adsorption kinetics well with r2 > 0.997 for
20–150mg/L dye concentrations. Adsorption isotherms like Langmuir and Freundlich
isotherm are used to describe the adsorption of dye. The monolayer capacity was observed to
be 200mg/g. Freundlich adsorption isotherm was found to fit better than Langmuir isotherm.
Removal of Rhodamine 6G could be increased by combine effect of photocatalytic degradation
and adsorption by nanocomposite.
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1. Introduction

The textile dyeing and printing industries produce
large volume of wastewater. This is responsible for
water pollution, as it contains large amount of
consumed dyes. It is found that nearly 1–15% dye is lost
and released in wastewater from textile industry [1].
There are several methods for treatment of wastewater
from textile dye industry in order to remove harmful
materials or contaminants. These materials include
organics as well as inorganic pollutants, which are
present in large quantities in wastewater discharged
into the ecosystem. Sometimes these methods are insuf-

ficient as some of the dyes are quite stable. Adsorption
using activated carbon has been found to be an efficient
method due to its high adsorption capacity. But high
regeneration cost of activated carbon leads to search
other alternatives. Some of the methods include use of
biosorbents like wheat bran [2], groundnut shell [3], rice
husk [4], peanut husk [5] and maize cob [6] for the
removal of textile dyes. Clay minerals are also used due
to their adsorption–desorption properties.

One of the most promising techniques employed
for eliminating organic pollutants mainly focuses on
their oxidative mineralization by heterogeneous
photocatalysis involving advanced oxidation processes
[7–11]. The higher mobility of the photogenerated
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carriers (including holes and electrons) and deeper VB
of a semiconductor can enhance its photocatalytic
oxidative activity leading to the decomposition of the
organics [12].

ZnO generates more negative potential of electron,
so it is effectively used for photocatalytic degradation.
Natural clay being inexpensive and easily available is
used for adsorption of organics from wastewater.
Clays are also incorporated with photocatalysts to
form clay composites. Photocatalytic reactivity of such
composites enhanced due to the basal space and
cation exchange capacity [7]. Such nanocomposite
shows better catalytic efficiency when compared with
nanoparticles alone.

In present study, ZnO-montmorillonite nanocom-
posite was synthesized, and kinetics of photocatalytic
degradation and adsorption of Rhodamine 6G using
ZnO-montmorillonite were investigated.

2. Materials and methods

2.1. Preparation of ZnO-montmorillonite nanocomposite

ZnO-montmorillonite was prepared by adding the
aqueous mixture of zinc chloride and sodium hydrox-
ide solutions (1:15) into the aqueous suspension of
Na-montmorillonite with continuous stirring at 70˚C
and the mixture was allowed to react for 24 h. The
resulting solids were separated by centrifugation,
washed several times with deionized water and dried
at 50˚C for three days [13].

2.2. Preparation of Rhodamine 6G solution

The stock solution of Rhodamine 6G was prepared
in distilled water (500mg/L). The experimental
solutions of required concentration were prepared by
diluting the stock solution with distilled water. All
other chemicals NaOH and ZnCl2 were of analytical
grade. The molecular structure of Rhodamine 6G is
shown in Fig. 1.

2.3. Adsorption study

The photocatalytic degradation of Rhodamine 6G
was carried out in photocatalytic reactor, having 400W
mercury lamp. The energy of photon for mercury light
was 4.53 × 10−19 J. The cooling water jacket was set-up
inside the reactor to maintain the temperature. The
dye solution was stirred with magnetic stirrer to main-
tain thorough mixing throughout the experiment.
Different nanocomposite dose was added in 50ml dye
solution and irradiated with mercury lamp. At regular
time intervals, suitable amount of sample was

withdrawn and centrifuged. Then changes in dye
concentration were determined by UV-visible double
beam spectrophotometer (Systronics model-2203) at
λmax 530 nm. The removal percentage of Rhodamine
6G and the amount of Rhodamine 6G adsorbed were
calculated using Eqs. (1) and (2):

Removal percentage ¼ C0 � Ct

C0

� �
� 100 (1)

qt ¼ ðC0 � CtÞV
W

(2)

where C0 (mg/L) is the initial dye concentration; Ct

(mg/L) is the concentration of Rhodamine 6G at time
t; qt (mg/g) is the adsorption capacity; V (L) is the
initial volume of dye solution and W (g) is the amount
of adsorbent.

3. Results and discussion

3.1. Scanning electron microscopy (SEM) analysis

SEM is widely used to study the morphological
characteristics of adsorbent. The ZnO-montmorillonite
nanocomposite was analysed by SEM before and after
adsorption of Rhodamine 6G. Fig. 2(a) and (b) shows
the SEM micrographs of ZnO-montmorillonite and
ZnO-montmorillonite dyed with Rhodamine 6G. From
SEM micrographs of ZnO-montmorillonite it was
observed that it has heterogeneous surface, micropores
and mesopores.

3.2. X-ray diffraction (XRD) analysis

The XRD diagram of ZnO-montmorillonite is
shown in Fig. 3. It shows main peak at 2θ of 25.7˚ and
secondary peaks at 2θ of 34˚ and 60.9˚, respectively.
The high intensity of peaks indicates the highly
crystalline nature of the ZnO-montmorillonite.
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Fig. 1. Molecular structure of the Rhodamine 6G.
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3.3. Effect of contact time

The effect of contact time and initial dye concentra-
tion on percentage removal of Rhodamine 6G by ZnO-
montmorillonite is shown in Figs. 4 and 5. It was
observed that the rate of dye removal is faster for first
40min, then thereafter it increases and finally attains
the equilibrium. As contact time increases percentage
removal also increases and attains equilibrium at
80 min and after that it remains constant. The percent-
age removal at equilibrium decreases from 97.8 to
90.3% as dye concentration was increased from 20 to
150mg/L for 1 g/L catalyst dose. The amount of
dye adsorbed qt (mg/g) increases from 19.55 to
136.88 mg/g as shown in Fig. 5.

3.4. Effect of pH

The pH of dye solution has significant effect on
photocatalytic degradation of dye. The effect of pH on

photocatalytic degradation of Rhodamine 6G was
studied from pH 2–9 at initial concentration 20mg/L
with catalyst dose 1 g/L. It was observed that percent-
age removal was 97.9% at pH 2 and 98.1% at pH 3. At

Fig. 2. The SEM micrographs of ZnO-montmorillonite and ZnO-montmorillonite dyed by Rhodamine 6G.

Fig. 3. XRD diagram of ZnO-montmorillonite.
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Fig. 4. Effect of contact time and initial concentration of
Rhodamine 6G on percentage removal; pH 3, adsorbent
dose 1 g/L.
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pH 3, the percentage removal was higher, then
thereafter it decreases up to 91.4% at pH 9.

3.5. Effect of catalyst dose

The effect of photocatalyst dose was studied on
dye removal keeping other experimental conditions
constant. The percentage removal of Rhodamine 6G
by ZnO-montmorillonite at different catalyst doses
0.1–2.4 g/L for 20–80mg/L of dye concentration was
studied. Fig. 6 shows the effect of catalyst dose on
amount of dye adsorption. The amount of dye
adsorbed (qt) increases from 106.9 to 603.8 mg/g when
dye concentration increases from 20 to 80mg/L and
catalyst dose is 0.1 g/L. As adsorbent dose increases
from 0.1 to 2.4 g/L, the amount of dye adsorbed per
unit mass of adsorbent (mg/g) decreases from 603.8 to
32.5mg/g at dye concentration 80mg/L, while
percentage removal increases from 75.5 to 97.5%. The
results show that as adsorbent mass increases, the

percentage of dye adsorbed also increases but amount
adsorbed per unit mass of adsorbent decreases
considerably.

3.6. Adsorption kinetics

The adsorption kinetics gives the idea about
mechanism of adsorption, from which efficiency of
process is estimated. The kinetics of adsorption of
Rhodamine 6G on ZnO-montmorillonite was studied
with the help of pseudo-first-order, pseudo-second-
order, Elovich and intraparticle diffusion models.

3.6.1. The pseudo-first-order model

A linear form of pseudo-first-order was described
by Lagergren [14] is as follows (Eq. 3):

log ðqe � qtÞ ¼ log qe � K1t

2:303
(3)

where qe and qt are the amount of dye adsorbed
(mg/g) on ZnO-montmorillonite at equilibrium and at
time t, respectively. K1 is the rate constant of pseudo-
first-order adsorption (min−1). A plot of log (qe – qt) vs
t gives the value of rate constant. The linear relation-
ship of the plot for 20, 50, 100 and 150mg/L dye con-
centrations indicates validity of equation. The
calculated K1 and co-relation coefficient r2 values are
shown in Table 1. Even though co-relation coefficient
r2 for the plots are ≥ 0.912, the calculated qe values
from first-order-kinetics plots were too small when
compared with the experimental qe values (Table 1).
This shows that pseudo-first-order model is non-appli-
cable to predict the adsorption kinetics of Rhodamine
6G on ZnO-montmorillonite.

3.6.2. The pseudo-second-order model

The pseudo-second-order kinetics model is
expressed as [5,15] follows (Eq. 4):

t

qt
¼ 1

K2q2e
þ t

qe
and h ¼ K2q

2
e (4)

where K2 is rate constant for second-order adsorption
(gmg−1 min−1), h is the initial rate (mg g−1 min). K2

and qe are determined from slope and intercept of
plot of t/qt vs t (Fig. 7). The linear plot with co-
relation coefficient (r2) 0.997–0.999 (Table 1) shows a
good agreement of experimental data for different
initial dye concentrations 20, 50, 100 and 150mg/L.
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Fig. 5. Amount of dye adsorbed qt (mg/g) with time for
different initial dye concentration; pH 3, adsorbent dose
1 g/L.
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The calculated qe value is in good agreement with the
experimental qe values shows that adsorption belongs
to the second-order-kinetics. It has been observed that
rate constants for second-order model decreased with
increase in initial dye concentration and increases
with increase in adsorbent dose (Table 1).

3.6.3. The Elovich equation

The simplified Elovich equation [4] is as follows
(Eq. 5):

qt ¼ 1

b
lnðabÞ þ 1

b
ln t (5)

where α is the initial adsorption rate (mg g−1 min−1), β
is the desorption constant (g/mg). These are calcu-
lated from intercept and slope of the linear plot of qt
vs ln t. The value of β decreases from 1.5974 to 0.3166
g/mg for 3 g/L of adsorbent dose. The β value
increases from 0.0751 to 1.5974 g/mg as adsorbent
dose increased from 1 to 3 g/L for 50mg/L of dye
concentration (Table 2).

3.6.4. The intraparticle diffusion model

In a solid–liquid adsorption, adsorption depends on
film diffusion initially and thereafter on intraparticle dif-
fusion [16,17]. According to Weber and Morris [18], if
intraparticle diffusion is the rate-controlling factor then
amount of adsorbate adsorbed varies with the square
root of time. Weber–Morris plot is given by Eq. (6):

qt ¼ Kpt
1=2 þ C (6)

where Kp is intraparticle diffusion rate constant
(mg/g/min0.5). The plot of qt vs t1/2 is linear indicates
occurrence of intraparticle diffusion as shown in
Fig. 8. The Kp has values 0.051–0.282mg/g/min0.5 for
50, 100 and 150mg/L dye concentrations and 3 g/L
photocatalyst dose (Table 2).

Table 1
Comparison of adsorption rate constants, calculated and experimental qe values for different initial dye concentrations
and adsorbent dose for different kinetic models

Adsorbent (g/L) Dye concentration (mg/L)

Pseudo-first-order

qe (exp) (mg/g) K1 (min−1) qe (cal) (mg/g) r2

1 20 19.547 0.0299 6.095 0.968
50 46.126 0.0184 19.679 0.957
100 94.411 0.0115 19.454 0.930
150 136.881 0.0115 10.046 0.912

3 50 16.565 0.0161 0.736 0.962
100 33.093 0.0207 2.858 0.971
150 49.733 0.0253 4.036 0.989

Pseudo-second-order

K2 × 10−3(g/mgmin) qe (exp) (mg/g) h r2

1 20 9.72 20.41 4.05 0.999
50 2.12 50.00 5.32 0.998
100 1.89 100.00 18.87 0.997
150 4.45 142.86 90.91 0.999

3 50 76.56 16.67 21.28 0.999
100 21.43 33.33 23.81 0.999
150 17.39 50.00 43.48 0.999
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Fig. 7. Second-order-kinetics plots for the removal of
Rhodamine 6G at different initial dye concentrations;
adsorbent dose 1 g/L, pH 3.
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3.7. Adsorption isotherms

The relationship between amount of adsorbate and
adsorbent surface is represented by adsorption
isotherms. Adsorption equilibrium is established when
adsorbate phase is in contact with adsorbent for
sufficient time. Over a wide variety of equilibrium

adsorption isotherms, Langmuir and Freundlich iso-
therms are the most common isotherms.

3.7.1. Freundlich isotherm model

Freundlich isotherm describes the non-ideal,
reversible adsorption with heterogeneous system and
applied to multilayer adsorption. Freundlich isotherm
[2,19] is given by Eq. (7):

log qe ¼ logKF þ 1

n
logCe (7)

where qe is amount of dye adsorbed per unit mass of
adsorbent (mg/g), Ce is equilibrium concentration of
dye, KF is Freundlich isotherm constant (mg/g) (L/g)n

related to adsorption capacity, 1/n is a measure of
adsorption density. Linearity of the plot of log qe vs
log Ce indicates that adsorption also follows Freund-
lich isotherm as shown in Fig. 9. When slope (1/n) is
closer to zero, adsorption becomes more heteroge-
neous. 1/n less than unity indicates chemisorptions
while above unity indicates co-operative adsorption
[20]. The values of 1/n between 0.432 and 0.561 for 20–
80mg/L of Rhodamine 6G indicate that it is chemi-
sorption. The calculated KF and 1/n values are
presented in Table 3.

3.7.2. Langmuir isotherm model

Langmuir assumes that the homogeneous mono-
layer adsorption occurs at the finite number of identi-
cal and equivalent sites with no interaction between
adsorbed molecules. The linear form of Langmuir
isotherm [3,21] is as follows (Eq. 8):

Ce

qe
¼ 1

ab
þ Ce

a
(8)

Table 2
Adsorption kinetics parameters of Rhodamine 6G onto ZnO-montmorillonite for Elovich and intra-particle diffusion
models

Adsorbent (g/L) Dye concentration (mg/L)

Elovich model Intraparticle diffusion

β (g/mg) α (mg/gmin) r2 Kp (mg/g/min0.5) r2

1 20 0.1967 0.31 × 102 0.870 0.370 0.801
50 0.0751 0.47 × 102 0.992 1.496 0.966
100 0.0845 3.03 × 103 0.857 1.645 0.943
150 0.1716 8.12 × 109 0.815 0.854 0.944

3 50 1.5974 2.19 × 1010 0.920 0.051 0.991
100 0.4850 7.95 × 105 0.983 0.209 0.929
150 0.3166 3.82 × 106 0.955 0.282 0.909
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Fig. 8. Weber–Morris plot for adsorption of Rhodamine 6G
by ZnO-montmorillonite.
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where a denotes monolayer coverage capacity (mg/g),
b is Langmuir isotherm constant (L/mg). Linear nat-
ure of plot Ce/qe vs Ce shows that adsorption follows
Langmuir isotherm (Fig. 10). Calculated a and b values
are presented in Table 3. The Langmuir adsorption
suggests the monolayer coverage of dye on
ZnO-montmorillonite. According to Webber and
Chakkravorti, Langmuir isotherm can be expressed by
dimensionless factor which is also known as separa-
tion factor RL. It is expressed [22] as follows (Eq. 9):

RL ¼ 1

1þ bCi
(9)

where b is the Langmuir constant and Ci is the initial
dye concentration (mg/L). The RL value indicates
adsorption nature. When RL > 1 adsorption is
unfavourable, RL = 1 adsorption is linear, 1 > RL > 0
adsorption is favourable and RL = 0 adsorption is irre-
versible. In the present study, the lower RL value
(RL < 1) represents adsorption is favourable.

The co-relation coefficient r2 values for Langmuir
and Freundlich isotherms are shown in Table 3. Both
the isotherms found to fit well to experimental data
with Freundlich having higher r2 values than
Langmuir isotherm. Thus Freundlich adsorption is
most appropriate for adsorption of Rhodamine 6G on
ZnO-montmorillonite.

4. Conclusion

The experimental results show that ZnO-montmo-
rillonite was found to be promising for removal of
Rhodamine 6G from aqueous solution. qe values for
Rhodamine 6G adsorption were dependent on contact
time, pH, dye concentration and adsorbent dose. The
lower pH 3 favours removal of dye. The amount of
dye adsorbed (mg/g) was found to be increase with
increase in contact time and initial dye concentration
and to decrease with increase in catalyst dose. The
adsorption kinetics was found to confirm pseudo-sec-
ond-order kinetics with higher co-relation coefficient.
Adsorption isotherms were described by Langmuir
isotherm and Freundlich isotherm models. Freundlich
isotherm model was found to fit experimental data
due to higher 1/n and KF values. Dimensionless factor
(RL) showed that ZnO-montmorillonite can be effec-
tively used for removal of Rhodamine 6G dye from
aqueous solution.
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