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ABSTRACT

The adsorption of methyl orange (MO) from an aqueous solution on the synthesized
ZnO-Al,O3 nanocomposite was investigated. The ZnO-Al,O; nanocomposite particles were
composed of ZnO nanoflakes grown on the alumina particles (Al,O3 core and ZnO shell).
Under optimal conditions (MO concentration of 150 ppm, adsorbent concentration of 500 ppm,
and the pH value of 4.5), the prepared nanocomposite showed adsorption capacity of
291 mg/g and the percentage removal of 97% at the equilibrium time of 30 min. It was found
that the MO adsorption process was mainly controlled by intraparticle diffusion and film
diffusion mechanisms which occurred simultaneously during the adsorption. The adsorption
isotherm was well described by Langmuir isotherm model, which exhibited the maximum
adsorption capacity of 344.83 mg/g. The obtained low-cost nanocomposite was proved to be a
promising adsorbent for the removal of anionic dyes in industrial wastewater treatment.
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1. Introduction

Due to the loss of a large amount of dye materials
during manufacturing and processing operations, the
effluents of many dye consumer or producer industries
such as tanning, textile, paper, leather, food processing,
and dyestuff plants contain significant quantities of
dye waste [1,2]. These dye wastes are hazardous, toxic,
nonbiodegradable, and extremely carcinogenic. More
importantly, these effluents are unfortunately
discharged into the environment. Thus, survival of
human beings mainly depends on removing dye pollu-
tants from industrial effluents to minimize their
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environmental impacts. Methyl orange (MO) is one of
the common water-soluble azo dyes widely used in
textile, paper, and chemical industries [1]. It is harmful
to environment and human and, consequently, it is
vital to treat it before it is discharged into the environ-
ment. Recently, due to prominent properties such as
high efficiency, simplicity, and reusability, the adsorp-
tion method has been favored over other methods such
as filtration, coagulation, chemical oxidation, sedi-
mentation, ion exchange, and precipitation for dye
removal from industrial wastewaters [3]. Traditionally,
during past decades, activated alumina (y-Al,O3) has
been used as adsorbents in dye adsorption [4]. In addi-
tion, activated alumina has been extensively used as a
support for adsorbents [5,6]. In contrast to traditional
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adsorbents, nowadays there is a growing interest in
using low-cost adsorbents, especially with higher
yields. Thus, many researchers have been studying the
use of alternative materials as adsorbents for dye
removal process [7,8].

Zinc oxide (ZnO) has been generally used as photo-
catalyst in photocatalytic degradation of dye com-
pounds in the presence of artificial UV light sources
[9]. Nevertheless, ZnO has been used very meagerly as
an adsorbent for dye removal with adsorption method.
The morphology of ZnO has a great influence on its
performance, especially in nanoscale [10]. Among vari-
ous morphologies, ZnO nanosheets have attracted con-
siderable attention due to polar surfaces with an
activated surface charge, and also larger aggregation
resistance (compared to spherical nanoparticles)
[10,11]. Besides, due to the fact that adsorption reaction
takes place on the surface of the solid phase of adsor-
bent, supporting nanosized ZnO on porous materials
like activated alumina can be an effective way to
increase the surface area and aggregation resistance of
nanoZnO active species [12]. In other words, ZnO-
Al,O3 nanocomposite particles have certain advantages
over commercially available adsorbents, mainly in
terms of low-cost, high surface charge, and large con-
tact area between dye molecules and active sites.

In a previous work, the authors synthesized ZnO-
Al,O3 nanocomposite particles via heterogeneous
precipitation method with different ratios of ZnO to
AlL,Oj3 [13]. To the best of our knowledge in previous
work, it was believed that morphology in nanoscale is
a measure of potential surface charges of the ZnO,
and that surface area is a measure of how much of
this potential can be released. It was concluded that
the low-cost ZnO-Al,O5; nanocomposite prepared with
ZnO content of 40 wt% is the best efficient adsorbent
for the removal of MO dye from aqueous solution. In
the present work, efforts have been made to determine
the optimum conditions for adsorption properties of
MO (to serve as a model compound for common anio-
nic water-soluble azo dyes) by the above-mentioned
ZnO-AlL,O3; nanocomposite from aqueous solution.
More specifically, the effects of various parameters on
the removal of MO such as equilibrium time, MO
concentration, adsorbent concentration, and the pH of
solution are studied. Moreover, the adsorption
isotherms and kinetic models are considered.

2. Experimental
2.1. Preparation and characterization of the adsorbent

ZnO-Al,O3 adsorbent with ZnO content of 40 wt%
was prepared via heterogeneous precipitation using
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Al(OH); particles as the seed. The detailed preparation
procedure can be found in our previous work [13].

The morphology and microstructure of adsorbent
were studied by field-emission scanning electron
microscope (FE-SEM, Hitachi S-4160). The specific
surface area (Sggr) was measured by BET method
using N, adsorption isotherms at 77 K (micromeritics
ASAP-2010).

2.2. Batch adsorption experiments

MO (C14H14N3NaO55) was supplied by Merck Co.
and was used as received. The chemical structure of
the dye is shown in Fig. 1. Batch adsorption experi-
ments were carried out to examine the adsorption
properties of the synthesized adsorbent for MO
adsorption from an aqueous solution. Stock solutions
of 1,000 mg/L (1,000 ppm) were prepared by dissolv-
ing MO powder in distilled water and in all steps of
examination, the desired concentrations were obtained
from diluting the stock solution. Adsorption experi-
ments were carried out by varying the initial concen-
tration of dye solution from 30 to 150 mg/L, the
amount of adsorbent from 200 to 700 mg/L, and the
pH from 2.6 to 10.1. The pH value was adjusted to a
desired value by adding 0.1 mol/L of NaOH or HCI
solution. In a typical experiment, the adsorbent with
the preferred concentration was added to a glass flask
containing 10 ml of the aqueous solution of MO. The
mixture was magnetically stirred at room temperature
and at a rate of 400 rpm. At predetermined time inter-
vals, the mixture was centrifuged in order to separate
the dye solution from the adsorbent, and then the
residual concentration of MO was measured with a
UV-vis spectrophotometer (Optizen 3220) at the wave-
length of 465 nm. The amount of the MO adsorbed by
ZnO-ALO; composite adsorbent, g (in mg/g), as well
as the percentage removal of MO () were calculated
by the following equations:

qzw 1

m

n:(c"c;cf)xloo 2)
0

-+
(H;C),N N

Fig. 1. The chemical structure of MO.
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where C, is the initial concentration of MO (in mg/L),
C; (in mg/L) is the instant concentration of MO at a
predetermined time f, V is the volume of the solution
(in L), and m is the mass of adsorbent (in g). It should
be mentioned that all experiments were carried out in
triplicate.

3. Results and discussion
3.1. Microstructural consideration of the adsorbent

With the aim of stabilizing the nanoZnO active
species on the surfaces of Al,O; particles, heteroge-
neous precipitation method using seed particles was
designed to synthesize ZnO-Al,O; nanocomposite
particles. The greatest benefit of the synthesized ZnO-
AlL,O3; nanocomposite was the promising increase in
dye adsorption. Details of the synthesis method and
affirmation of the adsorbent ability in MO dye adsorp-
tion have been previously reported [13]. However, in
order to investigate the optimum conditions of
adsorption and to give a more comprehensible
account of the adsorption behavior, the authors
present a brief study on the microstructure of the
adsorbent. As can be seen in Fig. 2, the synthesized
nanocomposite particles are composed of ZnO nano-
flakes grown on the alumina particles (Al,O; cores,
and ZnO shells with flake thickness of about
40-80 nm). The nitrogen adsorption—desorption iso-
therm of ZnO-Al,O; nanocomposite powder is
depicted in Fig. 3 and its corresponding BJH pore size
distribution is shown in the inset. As depicted,
adsorption-desorption isotherm corresponds to the
IUPAC type-IV pattern with an H3 hysteresis loop,
indicating the existence of mesoporous structure in
the adsorbent texture. Also, the BJH pore size distribu-

Fig. 2. FE-SEM micrograph of the synthesized ZnO-Al,O;
nanocomposite particles.
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Fig. 3. Nitrogen adsorption-desorption isotherm of the
ZnO-Al,O; nanocomposite particles. (The inset is the
corresponding pore size distribution.)

tion plot shows ordered mesopores with diameters
ranging between 2 and 10 nm. It should be mentioned
that the mesoporous structure can play an important
role in facile mass transfer of reactant molecules to the
adsorbent surface. In addition, the surface area was
measured to be about 279 m*/g. The ZnO nanoflakes
act as the nanosized active sites with a high surface
charge. This means that anionic ions of MO can be
adsorbed on the surfaces of ZnO active sites with
positive charge [13]. It should be mentioned that this
active surface charge of ZnO is caused by the forma-
tion of polar surfaces resulting from nonsymmetric
structure of ZnO in plate shape morphology [10,11].
Furthermore, alumina particles with high surface area
have a significant role in introducing these charged
ZnO nanoflakes. In other words, alumina particles
enhance the contact area between the active sites of
ZnO and MO molecules in the adsorption process,
which can be confirmed by measured BET surface
area and microstructural observation.

3.2. Effect of adsorbent concentration on adsorption

Fig. 4 shows the effect of adsorbent concentration
(varied from 200 to 700 ppm) on dye removal effi-
ciency of 50 ppm of MO solution. In all cases, the
adsorption process quickly occurred at the initial con-
tact time and became slower at further contact times.
This rapid adsorption happens by the formation of a
high gradient of MO concentration between the solu-
tion and solid phase at the initial contact times [14,15].
With the increase in contact time, the concentration
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Fig. 4. Effect of adsorbent concentration on adsorption
process (initial MO concentration of 50 ppm, pH of 6.5).

gradient of MO decreases by the progress of adsorp-
tion process, which leads to a slower ratio of adsorp-
tion. Also, by increasing the adsorbent concentration
from 200 to 700 ppm, the dye removal efficiency
increases from 62 to 98%, due to the more availability
of adsorption sites and adsorbent surface area caused
by more ZnO-Al,O; adsorbent particles. Furthermore,
with an increase in adsorbent concentration from 200
to 700 ppm, the presence of more active sites facilitates
the accessibility of MO molecules to adsorption sites.
Thus, the adsorption reaches the equilibrium state at a
shorter contact time (120-10 min, respectively), as
shown in Fig. 4. The amount of adsorbed MO (g, in
mg/g) on unit weight of ZnO-Al,O; nanocomposite
decreased from 160 to 69 mg/g as the adsorbent con-
centration increases from 200 to 700 ppm. This result
is expected because of the splitting effect of concentra-
tion gradient between dye solution and solid phase
caused by high proportion of active sites to dye mole-
cules [14-16]. It should be mentioned that both cases
of the adsorbent concentrations of 500 and 700 ppm
can treat the dye solution with percentage removal of
98% in short times. Therefore, from an economic point
of view, the adsorbent concentration of 500 ppm with
98% efficiency and adsorption capacity of 98 mg/g in
equilibrium time of 20 min was chosen for the follow-
ing experiments.

3.3. Effect of dye concentration on adsorption

To study the effect of initial dye concentration, the
adsorption experiments were performed by changing
the concentration from 30 to 150 ppm in dye solution,
while the other parameters were kept constant. The
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Fig. 5. Effect of dye concentration on adsorption process
(adsorbent concentration of 500 ppm, pH of 6.5).

obtained results are presented in Fig. 5 in terms of
percentage removal of MO from the aqueous solution
as a function of time. The results revealed that the
percentage removal of MO decreased with increasing
the initial dye concentration after a certain concentra-
tion. It should be noted that, at a fixed concentration
of ZnO-Al,O; particles, the amount of the available
active sites and surface area in the adsorbent particles
is constant, which would be saturated after a certain
concentration [16,17]. As can be seen in Fig. 5, the
cases of 30, 50, and 70 ppm can reach the percentage
removal of 98% as they are below the saturated con-
centration, While the maximum percentage removal
was 94% for 100 ppm and only 80% for 150 ppm,
indicating that they are above the saturated concentra-
tion. Moreover, as the initial MO concentration
increases from 30 to 150 ppm, the equilibrium time
increases from 10 to 60 min and the adsorption capac-
ity increases from 58 to 242 mg/g. Enhancement in
the equilibrium time with increasing the initial MO
concentration can be explained by the fact that more
presence of MO molecules in the solution (at fixed
adsorbent concentration) leads to more mass transfer
resistance, which evidently requires more time for
adsorption to overcome this mass transfer resistance
of MO molecules at higher concentrations. Besides, by
increasing the initial MO concentration, the concentra-
tion gradient of MO between dye solution and solid
phase increases. As a result, it acts as a driving force
for the transfer of MO molecules to the adsorbent sur-
face [3,14]. The enhancement in adsorption capacity
by increasing the MO concentration was attributed to
higher driving force for mass transfer and utilization
of all active sites for adsorption. From an economic
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point of view, the dye concentration of 150 ppm with
80% efficiency and adsorption capacity of 242 mg/g in
equilibrium time of 60 min was chosen for the follow-
ing experiments.

3.4. Effect of the solution pH on adsorption

In order to clarify the effect of solution pH on the
removal efficiency and adsorption capacity, a series of
adsorption experiments with different pH values vary-
ing from 2.6 to 10.1 were performed under the same
conditions. The obtained results are plotted in Fig. 6.
It was found that both percentage removal and
adsorption capacity quickly decrease by enhancing the
pH value. More particularly, it was 56% efficiency
with adsorption capacity of 169 mg/g for pH value of
8.2, and only 40% efficiency with adsorption capacity
of 122 mg/g for pH value of 10.1. Also, it is further
noted that the percentage of MO removal and the
amount of adsorbed MO on ZnO-Al,O; nanocompos-
ite particles are high for weak acid pH, ie. in the
range from pH value of 3 to 7. The adsorption capac-
ity and the maximum percentage removal were
achieved for the pH value of 4.5, while it was calcu-
lated about 97% efficiency and adsorption capacity of
291 mg/g in equilibrium time of 30 min. In order to
determine the surface characteristic of the adsorbent,
the zeta potential of ZnO-Al,O; nanocomposite was
measured. Measurements indicated that this material
has a net zero charge at pH value of 6.1 and positive
surface at pH values below the zero point. Hence, as
the pH value increases, zeta potential of the nanocom-

Dye removal (%)

—— pH 6.5 —»q,=242mg/g
—=— pH 5.5 —»q,=260mg/g
—— pH4.5 —»q,=2901mg/g
—= pH2.6 —»q, =105mg/g
—— pHB8.2 —»q,=169mg/g

pH 10.1 -+q, =122 mg/g

0 10 20 30 40 50 60 70
Time (min)

Fig. 6. Effect of solution pH on adsorption process
(adsorbent concentration of 500 ppm, MO concentration of
100 ppm).
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posite decreases and the surface of the nanocomposite
is negatively charged. Meanwhile, it should be men-
tioned that MO dye is an anionic dye with a negative
charge (Fig. 1). Thus, in higher basic pH, there is a
severe competition between MO and hydroxyl ions for
adsorption sites on ZnO nanoflakes with positive
charge. As a result, the number of positively charged
active sites on adsorbent is reduced, which relatively
leads to negatively charged surfaces for ZnO-Al,O;
nanocomposite particles. Consequently, the significant
reduction in the MO removal and adsorption at higher
basic pH was contributed to electrostatic repulsion
between the negatively charged ZnO-Al,O3; nanocom-
posite particles and MO anions, caused by the pres-
ence of excess hydroxyl ions. Furthermore, the greater
adsorption at lower acid pH can be first corresponded
by positively charged surface sites of ZnO nanoflakes
and higher zeta potential in this range. Also, in acidic
pH, the MO molecules are easily ionized to a soluble
MO anion, which facilitates the diffusion of MO anion
toward the adsorption sites of adsorbent surface
[14,18,19]. Also, the surface charge of Al,O; species is
one of the important reasons for greater adsorption at
lower weak acid pH. lida et al. [4] have reported that
activated alumina surface is positively charged in the
range from pH value of 3 to 6 and, consequently,
anionic MO ions can be adsorbed on acidic sites of
alumina with positive charge. In this regard, MO
molecules can be adsorbed on the ZnO nanoflakes
together with Al,O; particles at weak acid pH.

As can be clearly seen in Fig. 6, there was a signifi-
cant reduction when pH further decreased to 2.6. This
significant reduction below the pH value of 3 can be
related to dissolution of ZnO-Al,O; particles in strong
acidic media, which is in agreement with other studies
[4,14,20]. In our study, it was concluded that the weak
acid pH is the ideal pH for MO adsorption on ZnO-
Al,O; nanocomposite adsorbent. Moreover, the pH
value of 4.5 was achieved as the optimum pH for the
present work, which is far enough from the region of
strong acidic pH.

3.5. Adsorption kinetics

Kinetic modeling is widely applied to estimate the
adsorption rate and to investigate the controlling
mechanisms of adsorption reaction such as mass
transfer, diffusion control, and chemical reaction,
which are important in designing an adsorption treat-
ment plant [17]. In this regard, three most widely used
kinetic models including Lagergren-first-order equa-
tion [3], pseudo-second-order equation [17], and intra-
particle diffusion model [21] were used to test the
experimental data and recognize the characteristics of
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adsorption mechanism of MO dye on ZnO-Al,O;
nanocomposite particles from aqueous solution.

The Lagergren-first-order model is based on the
assumption that the rate of change of solute uptake
over time is directly proportional to the difference in
saturation concentration and the amount of solid
uptake over time [3]. Hence, the Lagergren-first-order
kinetic model is expressed by the following equation:

dqt
S k(g — 3
ar — Ki(ge —qr) @)
By integrating Eq. (3) and noting the boundary
condition g,=0 at t=0, the linear form of Lagergren-
first-order model is expressed as:

K
log (qc — 4r) = logge — 552t @

where g, and g, are the amounts of MO adsorbed on
per unit mass of adsorbent at equilibrium and time ¢
(in mg/g), respectively. K; is the Lagergren-first-order
rate constant (in 1/min).

The pseudo-second-order kinetic model is based
on the assumption that the dye molecules get
adsorbed onto two surface sites of adsorbent [22].
Accordingly, the pseudo-second-order kinetic model is
represented as:

= Ky (qe — qi)* (5)

+ 100 ppm
= 130 ppm
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Integrating Eq. (5) at boundary condition g,=0 at t =0,
gives the following linear form:

t 1 1
o K—zqg + it (6)

where g, and g; are the amounts of MO adsorbed on
per unit mass of adsorbent at equilibrium and time ¢
(in mg/g), respectively. K, is the pseudo-second-order
rate constant (in g/[mg min]). The initial adsorption
rate iy (in mg/[g min]) at f — 0 is defined as:

h = Kaq; @

In order to fit the kinetic models at optimum
conditions obtained from the previous batch adsorp-
tion experiments, the kinetic studies in terms of time,
percentage removal, and adsorption capacity (not
shown here, like previous batch adsorption experi-
ments) were carried out at optimum pH value of 4.5
for different dye concentrations ranging from 100 to
200 ppm and fixed adsorbent concentration of
500 ppm. The rate constants (K; and K,) and other
kinetic parameters were determined from the slope
and intercept of the linear plot of log(g.—gs) vs. t for
Lagergren-first-order model and the linear plot of t/g;
vs. t for pseudo-second-order model (see Fig. 7). The
rate constant of adsorption and other calculated
kinetic parameters for both models along with the cor-
responding linear regression correlation coefficient R*
and related experimental data are given in Table 1.
The fitting between experimental data and kinetic

0.25 (b)

0.2

0.15

gy

+ 100 ppm
® 130 ppm

0.1
4 140 ppm
150 ppm
® 160 ppm
0.05 170 ppm
200 ppm
0
0 10 20 30 40 50 60 70

Time (min)

Fig. 7. Lagergren-first-order kinetic model (a) and pseudo-second-order kinetic model (b) for the adsorption of MO on
ZnO-Al,O; nanocomposite adsorbent (initial MO concentration of 100-200 ppm, adsorbent concentration of 500 ppm,

pH value of 4.5).
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Table 1
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Kinetic parameters calculated from Lagergren-first-order model and pseudo-second-order model and experimental data

for MO adsorption

Lagergren-first-order kinetic

C model Pseudo-second-order kinetic model

0 qe,exp

(mg/L) 7 (%) (Mg/g Gerca (mg/g) K; (1/min) R* Jezcal (Mg/g) K (g/[mg minl) hy (mg/[g min]) R?

100 99 197.38  168.31 0.4058 0.9799 204.08 0.0092 384.615 0.9996
130 98 25520 272.65 0.3461 0.9961 263.16 0.0041 285.714 0.9997
140 98 27270 176.77 0.1734 0.9730 285.71 0.0023 192.308 0.9996
150 97 29094  339.70 0.2215 0.9907 303.03 0.0016 151.515 0.9991
160 95 30628 171.71 0.1071 0.9198 322.58 0.0015 151.515 0.9994
170 92 312.76  406.63 0.1566 0.9515 333.33 0.0011 117.647 0.9992
200 80 318.76  354.73 0.1149 0.9837 344.83 0.0059 69.930 0.9992

model was examined by correlation coefficient value
of R? and the comparison of experimental and calcu-
lated value of ge.

As can be seen in Table 1, the correlation
coefficient R? for pseudo-second-order kinetic model
is higher than that of the Lagergren-first-order
kinetic model for different initial dye concentrations.
Also, the calculated qepca1 Values obtained from the
pseudo-second-order model are in better agreement
with the experimental geexp values for all initial dye
concentrations. Therefore, these results confirm
that the pseudo-second-order kinetic model have
described more appropriately the kinetic of MO
adsorption on ZnO-Al,O; nanocomposite particles.
As a result, it is suggested that the present adsorp-
tion mechanism be more controlled by rate-limiting
step of the chemisorption compared to mass transfer
in the solution [14,17]. According to Table 1, it was
found that the initial adsorption rate decreases by
enhancing the initial MO concentration. Indeed, this
phenomenon can be related to the involvement of
mass transfer in solution due to the presence of
more MO molecules in solution at higher concentra-
tions, which lengthens the equilibrium time. How-
ever, this result stands against the rate-limiting step
of the chemisorption predicted by pseudo-second-
order model. Hence, it may be concluded that there
is a serious competition between the chemisorption
and mass transfer in solution for controlling the
rate-limiting step of adsorption process. It should be
mentioned that the same results related to real
complexities and problems in estimating the kinetic
parameters by linearization technique of pseudo-
second-order model were reported by Vasanth
Kumar [22].

In general, the following four steps are considered
to be involved in the adsorption process of a dye on
the surface of an adsorbent [19]:

(1) The dye molecules mass transfer from bulk
solution to the surface of adsorbent (bulk
diffusion mass transfer).

Diffusion of dye molecules through boundary
layer to the surface of adsorbent (film diffusion
mass transfer or boundary layer).

Diffusion of dye molecules from the surface of
adsorbent to the interior pores of particle
(intraparticle diffusion mass transfer).

Chemical or physical adsorption of dye mole-
cules on active sites of the adsorbent surface
(adsorption reaction).

)

3)

4)

Generally, at liquid—solid systems for dye adsorp-
tion process, the mass transfer in bulk solution is quit
rapid and hence it cannot be the rate-determining
step. Also, the chemisorption step is not a suitable
rate-limiting step for MO adsorption process on pre-
sent ZnO-Al,O3; nanocomposite adsorbent due to its
great affinity and superior activity for adsorption of
MO molecules which have been previously confirmed
[13,20]. Therefore, dye adsorption is more governed
by mass transfer (whether film diffusion or intraparti-
cle diffusion), which is relatively in agreement with
the results obtained from pseudo-second-order kinetic
model (referring to the presence of competing mass
transfer) and other studies by other researchers
[14,17,20]. In order to achieve more accurate inter-
pretation of the adsorption mechanisms affecting the
adsorption kinetic, the intraparticle diffusion model
proposed by Weber and Morris was applied [23]:

q = kit*® +C, (8)
where g, is the amount of MO adsorbed on per unit
mass of adsorbent at equilibrium time t (in mg/g).
ki is the intraparticle diffusion rate constant
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[in mg/[g min®%)]. C is the adsorption constant that
represents the thickness of boundary layer. The plot of
g: vs. t°° should theoretically give a straight line in
which k; is the slope and C; is the intercept. If the plot
was found to be linear, it could imply that the intra-
particle diffusion is the rate-controlling step, and if it
passed from the origin, it can be indicated that the
intraparticle diffusion is the only rate-controlling step.
In addition, the greater intercept means that greater
contribution of boundary layer effect is involved in
the rate-controlling step. The experimental data
together with intraparticle diffusion model in terms of
g; vs. t°° are shown in Fig. 8. It is obvious that the plot
is not linear over the whole time range for all initial
concentrations. Besides, a more careful observation
shows that the plot can be divided into two portions,
indicating that multiple mechanisms are involved in
the adsorption process. The first portion seems to be a
curve to pass through the origin. The curved portion
implied the boundary layer effect in the rate-control-
ling step, which continued until ~13 min (*5=3.6).
Furthermore, the very high and positive value of slope
of the dashed line indicated that a rapid adsorption
occurs within a short period of time. The second por-
tion represented a linear portion, which was suitably
fitted to intraparticle diffusion model. It should be
noted that this linear portion does not pass through
the origin, indicating that the intraparticles diffusion
is not the only rate-controlling step. The linear portion
starts from the time of ~13 min and then gets a longer
time period of the adsorption process. Also, compared
to the first portion of the plot, the second portion has
a lower slope, indicating that the second portion con-
trolled by intraparticle diffusion is much slower than
the film diffusion and hence, its rate is not quite rapid.

350
v
300 g

% 200 - = 130 ppm
; s & 150 ppm
150 P/ 170 ppm
100 :." 200 ppm

50

0

0.5 5

(mino‘

)

Fig. 8. Intraparticle diffusion model for MO adsorption on
ZnO-Al,O; nanocomposite adsorbent.
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Table 2
The parameters evaluated from intraparticle diffusion
model for MO adsorption

Co (mg/L) ki> (mg/[g min®°]) C, (mg/g)
130 0.6553 252.45
150 2.1461 276.34
170 5.3500 274.24
200 11.6100 235.37

Concerning that neither portions of the plot passed
through the origin, it can be concluded that both film
diffusion and intraparticle diffusion are simultane-
ously occurring during the adsorption process [23].
These results are in agreement with other studies
[3,17,24]. The values of C and the rate constant k; were
evaluated from the intercept and the slope of the lin-
ear portion (obtained from intraparticle diffusion
model), and are given in Table 2. As listed, by increas-
ing the initial MO concentration, the diffusion rate
constant k; increases, which would be expected due to
the enhancement of the concentration gradient of MO
(driving force) at a higher concentration. Moreover, by
increasing the initial MO concentration, the value of C
(boundary layer or film diffusion effect) first shows a
little enhancement and then is followed by an intense
reduction. This phenomenon means that the structure
of ZnO-Al,O; nanocomposite adsorbent is stable
against the boundary layer effect and hence keeps an
appropriate diffusion rate of MO in the boundary
layer, while in some studies [3,14,17], the value of C
sharply increases by increasing the initial dye concen-
tration. Here, lack of a sharp increase in the value of
C by increasing the initial MO concentration can be
attributed to the high surface area of the adsorbent
and the activated surface charge of ZnO nanosized
active sites (Fig. 2), which both generate a high affinity
of surface sites for the attraction of MO ions [13].

3.6. Adsorption isotherms

In order to describe the behavior and performance
of the adsorption process, two well-known adsorption
isotherm models of Langmuir and Freundlich were
used [15,17]. The Langmuir isotherm model is based
on a saturated monolayer of solute molecules on the
active sites of the adsorbent surface. The Freundlich
isotherm model is based on the assumption that the
adsorption surface becomes heterogeneous during the
course of the adsorption process. The linear forms of
both models and their related correlation coefficients
were applied to determine the best-fitting isotherm
and to establish the adsorption isotherm constants.
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The Freundlich isotherm is represented by the
following empirical equation:

ge = KCY" ©
By taking a logarithm, the linearized form of Eq. (9)
can be described as follows:

1
logg. = log Ky + Elog Ce (10)

where g, is the amount of dye adsorbed on per unit
mass of adsorbent at equilibrium (in mg/g), Kg
constant is the adsorption coefficient and is related to
adsorption capacity of MO dye on adsorbent at equi-
librium concentration, C. is the MO concentration in
solution at equilibrium (in mg/L), and n is another
adsorption constant and is related to adsorption
intensity of MO molecules on adsorbent surface. 1/n
gives an indication of how favorable the adsorption
process is. Values of n>1 represent favorable adsorp-
tion conditions indicating a normal Langmuir
isotherm [24].

The Langmuir isotherm model is given by the
following equation:

CImKLCe
o= 8 11
q 1+ KLCe an
The linear form of Eq. (11) can be represented as:
1 1 1 1
= —_ (12)
qe qm KL"]m Ce
5 0.006
(a) (b)
158 0,005
15
0.004
245 ?
El i 0.003
24 -
0.002
235
13 0001
228 L]
L] 0z 04 0.6 03 1 12 14 L6 18 [ [} L& 03
log €,
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where g, is the amount of dye adsorbed on per unit
mass of adsorbent at equilibrium (in mg/g), gm is the
theoretical amount of maximum adsorption with com-
plete monolayer coverage on the adsorbent surface (in
mg/g), C. is the concentration of dye solution at equi-
librium (in mg/L), and Kj, is the Langmuir isotherm
constant (in L/mg). The Ki, constant is related to the
energy of adsorption sites.

Also the essential characteristics of the Langmuir
isotherm can be described in terms of a dimensionless
constant separation factor R that is given by the
following equation [25].

1

Ro=—
YT1YKG

(13)

where Cj is the highest initial concentration of dye (in
mg/L) and K, is the Langmuir isotherm constant (in
L/mg). The value of Ry, indicates the shape of the iso-
therm to be either unfavorable (Ry > 1), linear (R;, = 1),
favorable (0 < Ry <1), or irreversible (R;, = 0).

According to linear forms of Langmuir and
Freundlich isotherms, the plot of log (g.) vs. log (Ce)
and the plot of 1/g. vs. 1/C. were considered to
determine isotherm constants and other correspond-
ing parameters. The linear and nonlinear plots of
both models were separately depicted in Fig. 9, and
related constants and parameters are given in
Table 3.

According to Fig. 9(a) and (b) and Table 3, the
correlation coefficient R? is high for Langmuir isotherm
model (R?=0.9784) compared to Freundlich isotherm
model (R?>=0.7068). Thus, the adsorption behavior of
MO on ZnO-Al,O; nanocomposite is best fitted to
Langmuir isotherm model. This fitting can be clearly
seen from nonlinear plots depicted in Fig. 9(c),

C
w (© B
400
350 Pl -
-~ < .
a 00
B /
E 20
L
00 *  Experimental
150 —— Langmuir sotherm
—— Freundiich isotherm
100
20
L]

C, (mg/L)

Fig. 9. Linear Freundlich and Langmuir adsorption isotherm (a and b, respectively) and nonlinear plots of both models
() for the adsorption of MO on ZnO-Al,O; nanocomposite adsorbent (initial MO concentration of 100-200 ppm,

adsorbent concentration of 500 ppm, pH value of 4.5).
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Table 3

Freundlich and Langmuir isotherm constants and correla-
tion coefficients for the adsorption of MO on ZnO-Al,O;
nanocomposite adsorbent

Isotherm Parameters
Langmuir model

Im (mg/g) 344.83

Ky (L/mg) 1.1154

R? 0.9784

Ry, 0.0045
Freundlich model

Kg (mg/g [L/g]"™) 2225871

n 5.0972

R? 0.7068

indicating a high affinity of ZnO-Al,O; nanocomposite
particle surfaces for adsorption of MO dye, especially
at low MO concentrations. Also, the fitted Langmuir
isotherm can refer to homogeneity of ZnO-Al,O3
nanocomposite surfaces in terms of distribution of
active sites for the adsorption of a monolayer of MO
molecules on the adsorbent surface. This result has
also been reported by other researchers for MO
adsorption on different adsorbents [3,17,24]. According
to Langmuir isotherm model, the theoretical amount of
maximum monolayer adsorption capacity (gm) was
calculated as 344.83 mg/g. As can be seen in Table 3,
the value of Ry was found to be 0.0045. The obtained
value of Rp indicated that the MO monolayer
adsorption on the adsorbent surface was a favorable
adsorption. However, the very near zero value of R,
may imply an irreversible adsorption process of MO
molecules on active sites.
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The most common parameter to compare the dye
adsorption capacity is the Langmuir theoretical maxi-
mum adsorption capacity (4.), of course, regardless of
the percentage removal of dye at maximum adsorp-
tion. In this regard, in order to compare the adsorp-
tion capacity of MO on ZnO-Al,O; nanocomposite
with other low-cost adsorbents reported by other
researchers, the experimental amount of maximum
adsorption capacity at percentage removal of MO dye
above 90% (Gmexp) together with the theoretical
amount of Langmuir maximum adsorption capacity
(g theo) are listed in Table 4. However, it should be
noted that the gy exp is more realistic than g, theo- AS
can be seen, regarding both reported g exp and G theo
values, the ZnO-Al,O; nanocomposite adsorbent has
a relatively superior adsorption capacity than other
adsorbents. Therefore, it can be concluded that the
low-cost ZnO-Al,O; nanocomposite is a suitable and
promising adsorbent for the removal of the azo dyes
in industrial wastewater treatment.

4. Conclusion

ZnO-Al,O3; nanocomposite particles were utilized
as adsorbent for MO dye removal from an aqueous
solution. Batch adsorption experiments confirmed that
MO adsorption on nanocomposite particles highly
depended on the dye concentration, adsorbent concen-
tration, and solution pH. The best result was obtained
at the dye concentration of 150 ppm, adsorbent
concentration of 500 ppm, and the pH value of 4.5
with 97% dye removal and adsorption capacity of
291 mg/g in a low equilibrium time of 30 min. The
pseudo-second-order and intraparticle diffusion
kinetic models described the adsorption kinetics of
MO on the present adsorbent. According to kinetic

Table 4
Comparison of MO adsorption using present ZnO-Al,O; nanocomposite adsorbent with other adsorbents at room
temperature
Adsorbent Theoretical Experimental Ref.
m,theo qm,exp (at n> 90%)
ZnO-Al,O3 nanocomposite 344.83 291 (n=97%) This study
ZnO-Al,O; nanocomposite 344.83 312.76 (1=92%) This study
Lapindo volcanic mud 333.33 110.26 [3]
y-Fe;03/5i0,/CS composite 34.29 - [14]
Activated alumina - 9.8 (4]
Calcined MgNiAl 3754 47.7 [17]
De-oiled soya 13.46 - [19]
Bottom ash 3.62 - [19]
Zn/Al layered 200 181.9 [20]
Multiwalled carbon nanotubes 51.74 - [26]
Modified nanosize SiO,~Al,O3 381.0 ~19 [27]
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evaluations, it was found that the MO adsorption
process is mainly controlled by the intraparticle
diffusion and film diffusion mechanism and both
parameters occurred simultaneously. The adsorption
isotherm was well represented by Langmuir isotherm
model, indicating a high affinity of ZnO-Al,O;
nanocomposite particles surfaces for adsorption of
MO dye. Finally, according to the mentioned results,
ZnO-Al,O3 nanocomposite particles can be used as an
inexpensive alternative adsorbent for the removal of
azo dyes in industrial wastewater treatment.
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