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Zinc oxide powders with six-sided flake-like particles were prepared by homogeneous precipitation from
boiling aqueous solutions that contained excess urea and 0.075 (Z075) and 0.300 (Z300) M Zn?*. The aver-
age sizes of the particles are 37 and 46 p.m, while the average sizes of the crystals are ~45 for Z075 and
Z300 at 1000°C. Equilibrium, kinetic and thermodynamic studies were carried out for the adsorption of
RBBR dye from aqueous solution using both types of ZnO in the form of fine powders. The effects of pH,
initial dye concentration, contact time and temperature of solution on the adsorption were studied. Lang-

Iézmiﬁsérmiam Blue R muir, Temkin and Dubinin-Radushkevich (D-R) isotherm models were used to describe the adsorption of
Adsorption RBBR onto ZnO powders. The Langmuir and D-R isotherm models fit the equilibrium data better than the
Zinc oxide powders Temkin isotherm model. The monomolecular adsorption capacity of Z075 and Z300 was determined to
Isotherms be 190 and 345 mgg~! for RBBR, respectively. The Lagergren first-order, Ritchie second-order kinetic and
Kinetics intra-particle diffusion models were used for the adsorption of the dye onto ZnO powders. The Ritchie

Thermodynamics second-order model was suitable for describing the adsorption kinetics for the removal of RBBR from
aqueous solution onto Z075 and Z300. Thermodynamic parameters, such as the Gibbs free energy (AG*),
enthalpy (AH*), entropy (AS*) and equilibrium constant of activation (K*) were calculated. These param-

eters showed that the adsorption process of RBBR onto Z075 and Z300 was an endothermic process of a

chemical nature under the studied conditions.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide (ZnO) powders have potential applications in various
fields, such as varistors (variable resistor), transducers, semi-
conductors, solar cells, non-linear optical materials, gas sensors,
ceramics, pigments, rubber additives, photo-catalysts, rubber addi-
tives, pharmaceuticals, cosmetics and so on [1-5]. A wide number
of methods have been used to prepare ZnO powders, including,
homogeneous precipitation in aqueous solution of Zn2* cations,
hydrothermal synthesis, microwave synthesis, solution combus-
tion, pulsed laser deposition, emulsion precipitation, ultrasonic
atomization, spray pyrolysis, freeze-drying and sol-gel processes
[6-15].

The microstructural and morphological characteristics of ZnO
powders vary according to the selected synthesis method. ZnO
powders of different shapes, such as spindle-like, rod-like, ellip-
soidal, spherical, and prismatic have been synthesized by the one
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or more of the methods mentioned above [16-22]. On the other
hand, only a few methods were reported in the literature [23] to
prepare ZnO powder having flake-like particles. The aim of this
study is the chemical preparation of flake-like ZnO particles using a
reaction between zinc sulfate and excess urea in a boiling aqueous
solution.

Synthetic dyes are extensively used for textile dyeing and
other industrial applications. The total world colorant produc-
tion is estimated to be about 800,000 tons/year. More than 10,000
dyes are commercially available and at least 10% of the used
dyestuff enters the environment as wastes [24]. These indus-
trial effluents are toxic and are characterized by high chemical
oxygen demands (CODs)/biological oxygen demands (BODs), sus-
pended solids and intense color [25]. Furthermore, these colored
molecules are highly conjugated and can be extremely injurious to
the life forms [26]. Synthetic dyes, classified by their chromophores,
have different and stable chemical structures to meet various
coloring requirements and they are often difficult to degrade
and/or removed by conventional physical and chemical processes
[27,28].

Remazol Brilliant Blue R dye (RBBR) is one of the most impor-
tant dyes in the textile industry. It is frequently used as a starting
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material in the production of polymeric dyes. RBBRis an anthracene
derivative and represents an important class of toxic and recalci-
trant organopollutants.

2. Materials and methods
2.1. Preparation of ZnO fine powders

The preparation and some physicochemical properties of the
ZnO powders selected as materials in this study were investigated
in our previous work [29]. The zinc oxide precursors were precipi-
tated in boiling aqueous solution containing 0.075 and 0.300 M Zn*2
and excess urea. The powders were obtained by the calcination of
the precursors at 1000 °C for 4 h. The powders that were prepared
at two different concentrations are called, for the purposes of this
study Z075 and Z300. Scanning electron microscopy (SEM) pho-
tographs for Z075 and Z300 were recorded (LEO 435) at 30 kV from
samples covered with a gold thin film.

2.2. Preparation of dye

The general characteristics of RBBR are summarized in Table 1.
RBBR (CI 61200, Reactive Blue 19) obtained from Sigma-Aldrich
Company Ltd, is an anthraquinone-based dye. The concentration
of the prepared dye solutions ranged between 0.5 and 10gL-! for
RBBR.

2.3. Adsorption isotherms in a batch system

The three most common adsorption isotherm models were used
to fit the equilibrium adsorption data. These are the Langmuir,
Temkin and Dubinin-Radushkevich models. The linear form of the
Langmuir equation [30-33], is expressed by
Ce 1 Ce
qe _CImKL+Qm (1)
where K| denotes the Langmuir isotherm constant related to the
affinity between the adsorbent and the adsorbate (Lg~!) and
gm denotes the Langmuir monomolecular adsorption capacity
(mgg~1). The values of qm and K; can be determined by plotting
Ce/qe versus Ce. Equation of the Temkin model [34-36] is given
below and is plotted as ge against In Ce:

o = (E) InKr + (ﬁ) InCe )
br br

where by is the adsorption potential of the adsorbent and K is the
equilibrium constant corresponding to maximum binding energy
(Lg~1). Kt and AG° as follows:

-AG°
Kt = exp (T) 3)

where Ris the universal constant and T is the absolute temperature.

Table 1

O NH,

OO
The characteristics of RBBR. O NH
SO,CH,CH,20S0;Na

Molecular formula C2Hi6N2Naz 011 S5
Molecular weight 626.54
Color index number 61,200
Amax (nm) 595

The linear form of the Dubinin-Radushkevich model [34-37] is
represented by equation:

Inge = Inqm — Kpre? (4)

where Kpg is the porosity factor (mol?]J=2), gm (molg-1) is the
monomolecular adsorption capacity of adsorbate adsorption by the
powder surface and the variable ¢ can be related to equilibrium
concentration (Ce, gL~1) as follows:

1
¢ =RTIn [1 +C:} (5)
where ¢ (Jmol~1) is the Polonyi potential, R is the universal gas
constant and equal to 8.314Jmol~1 K-! and T is the absolute tem-
perature.

A plot of Inge versus €2 (J2 mol~2) yields a straight line, con-
firming the model. The mean free energy of adsorption E (k] mol~1)
per molecule of the adsorbate when it is transferred from the solu-
tion to the powder surface can be calculated using the following
equation:

E = (—2Kpr)~/? (6)
2.4. Kinetic models for the adsorption

To determine dye adsorption Kkinetics, three different kinds
of kinetic models were used. The Lagergren pseudo-first-order,
pseudo-second-order and intra-particle diffusion kinetic models
are shown below [33,34,38-41].

The pseudo-first order model is defined by the equation:
dqe

a - k1(qe —qt) (7)

where t is the contact time (min), k; is the pseudo-first-order
adsorption rate constant (min—!), ge and q, are the amount of dye
adsorbed on the ZnO fine powders at equilibrium (mgg-') and
at time t, respectively. The integration of Eq. (7) with the initial
condition, q; =0 at t=0 leads to:

In(ge — q¢) = Inge — kit (8)

The values of the adsorption rate constant (k; ) were determined
from the In(qe — g;) in terms of ¢.

The pseudo-second-order model is defined by
dqe

ar = elde —ar) (9)

Integrating and rearranging Eq. (9) with the initial condition
q:=0 at t=0, the following equation is obtained:

t 1 1

q[_h+(Qe)t (10)
where dg¢/dt is the initial sorption rate (mgg~-!min-1) and is
defined as t— 0 by H = kyq2 where k; is the pseudo-second-order
adsorption rate constant (gmg ! min~1). The value g, is deter-
mined from the slope of t/q; versus t and h is determined from
the intercept.

Intra-particle diffusion model: The adsorption of RBBR dye onto
ZnO fine powders may be controlled via external film diffusion
at earlier stages and later by the particle diffusion. The possibil-
ity of intra-particle diffusion resistance was identified by using the
following intra-particle diffusion model:

qr = Kgit'/? + C (11)

where Ky is the intra-particle diffusion rate constant
(mgg-'min~"2) and C is the intercept. The values of q; ver-
sus t1/2 and the rate constant Ky;f are directly evaluated from the
slope of the regression line.
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2.5. Determination of the activation energy and frequency factor

The rate constant (k) were determined from Eq. (10) at different
temperatures and were used to estimated the activation energy
of RBBR onto Z075 and Z300. The rate constant is expressed as a
function of temperature according to the well known Arrhenius
equation:

InA - E*
Ink = —RT (12)
where E* (kJmol-1) is the activation energy of adsorption, A
(gmol~1s-1) is the temperature-independent frequency factor, R
(8.314Jmol-1K~1) is the universal gas constant and T (K) is the
absolute temperature.

2.6. Thermodynamics of the adsorption

The relation between rate constant (k) and equilibrium constant
(K*) can be given in the form [29,41]:

k= (’%T) K* (13)

where kz=1381x10"23JK-! is the Boltzmann constant,
h=6.626 x 10734]s is the Planck constant, and T is the abso-
lute temperature. The value of K¥, was calculated from this relation
(K* =4.80 x 10~ k/T) for each temperature.

The relation between the activation energy and internal energy
of activation (AU*) can be derived by using the well-known
Arrhenius (dIn k/dT=E* |RT?) and van’t Hoff (d In K* /dT = AU*|RT2)
equations in the temperature derivative of the last equation as fol-
lows:

k 1 K*
dlnﬁ:(f)-i-dlnﬁ (14)
E* 1 AU*
RT2 ~ (T) * R (15)
AU* =FE* _RT (16)

The relation between the enthalpy (AH*) and internal energy
of activation (AU*) can be given in the form:

AH* = AU* + AV¥RT = E* —RT +(1 — m)RT =E — mRT (17)

where AH* is enthalpy of activation, Av#=1—m is the stoichio-
metric value of the activation reaction and m is the molecularity,
which is equal to the order.

The AH* value for each temperature was calculated from the last
equation. The Gibbs free energy for activation (AG*) and entropy
of activation (AS*) were calculated from the equation:

AG* = AH* — T AS* = — RTInK* (18)
2.7. Adsorption studies

In order to obtain isotherm and kinetic data, ZnO powders were
performed in 100 mL Erlenmeyer flasks containing 20 mL synthetic
dye solutions. The flasks were agitated on a shaker at 150 rpm for
24 h to ensure that equilibrium was reached.

The effect of the initial pH on the adsorption capacity of the
Z075 and Z300 was investigated in the pH range of 2.0-8.0 (which
was adjusted with HCl or NaOH solution at the beginning of the
experiment) at 25 °C. The effect of temperature was studied at three
different temperatures (15, 25 and 40°C) at pH 4.0. The effect of
initial dye concentration between 50 and 1000 ppm on the decol-
orization capacities of the powders was studied.

The amount of adsorbed dye per unit ZnO fine powder (mg dye/g
Zn0) was determined by using the following equation:

de=(Co—Co) (19)

where qe is the adsorption capacity (mgg~!) and Cy and Ce are the
concentration of the dye in the solution (mgL-') before and after
adsorption, respectively. V is the volume in aqueous solution (L)
and m is the ZnO weight (g).

2.8. Analysis of RBBR

The concentration of the unadsorbed RBBR dye in the
biosorption medium was measured colorimetrically using a spec-
trophotometer (Spectro RS). The adsorbance of the color was read
at 595 nm.

3. Results and discussion
3.1. Properties of prepared ZnO powders

The SEM photographs for ZnO powders were examined and rep-
resentative photographs, for Z075 and Z300 are given in Fig. 1.
As seen from the SEM view, the particles have the shape of well-
formed hexagonal plates. Some physicochemical properties of the
prepared ZnO powders are shown in Table 2 [29].

3.2. Effect of adsorbent concentration

As shown in Fig. 2, the amount of adsorbed RBBR onto the Z075
and Z300 at equilibrium were studied and plotted as a function
of the initial concentration of the RBBR adsorption medium. The
adsorption capacity, ge (mgg1), of Z075 and Z300 increased with
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(ot b
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&

Fig. 1. The scanning electron microscope (SEM) photograph of the ZnO fine powder
sample (Z075).

Table 2

Some physicochemical properties of the prepared ZnO powders (D: particle size, L:
crystal size, V: specific micro-mesoporevolume, S: specific surface area, PSD: particle
size distribution, SEM: scanning electron microscope, XRD: X-ray diffraction, N,-AD:
nitrogen adsorption, N,-DE: nitrogen desorption).

Properties Methods Samples

Z075 Z300
Dpow (om) SEM 37 46
Lpow (nm) XRD 46 45
Vpow (cm® g1) N,-DE 0.007 0.030
Spow (m* g™") N2-AD 1.9 0.4
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Fig. 2. The adsorption capacity of Z075 and Z300 of the dye concentration at equi-
librium for RBBR (pH 4.0, t=30°C, agitation rate =150 rpm).

increasing concentration of RBBR at equilibrium (Ce, mgL~1). The
monomolecular adsorption capacities of Z075 and Z300 are 190 and
345mgg~! at 1000 ppm RBBR initial concentration, respectively.
With the increasing concentration of adsorbent, the monomolecu-
lar adsorption capacity of the adsorbate increased.

3.3. Effect of initial pH on dye adsorption

The effects of initial pH on dye adsorption of Z075 and Z300 were
studied in the pH range from 2.0 to 8.0 at an initial dye concen-
tration of 1000 ppm and results are shown in Fig. 3. The maximum
adsorption capacities of RBBR onto Z075 and Z300 were determined
atpH4.0as190and 250 mg g~ !, respectively. The adsorption capac-
ity increased from pH 5.0 to 7.0 after pH 7.0 the adsorption capacity
decreased.

The pH of the dye solution plays an important role in the whole
adsorption process. Many oxide surfaces create a surface charge
(positive or negative) [42]. Dye adsorption is highly pH dependent.
The anthraquinonic RBBR release colored dye anions in solution.
The pH of the solution affects the surface charge of the adsorbent
as well as the degree of ionization of the materials in the solution.
Therefore, the pH affects the structural stability and color inten-
sity of RBBR. X-ray studies [43] show that zinc oxide formed at
1000°C has a complete crystallographic form that does not contain
hydroxyl groups. Calcinated ZnO has hydroxyl groups only in acidic
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Fig. 3. The effect of initial pH on the equilibrium RBBR sorption capacity of Z075
and Z300 (Cp = 1000 ppm, t=30°C, agitation rate =150 rpm).
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Fig. 4. (A) Transmission FT-IR spectra of RBBR dye. (B) Transmission FT-IR spectra
of RBBR dye adsorbed onto ZnO.

solutions (pH 4.0 and 6.0) and is converted into an anion-exchanger
[44].

Because of this, the adsorption must be due to the interaction of
sulfonic (-SO3~) groups of dyes with —~OH groups on the surface of
the fine ZnO powders [46]. The FT-IR spectra of RBBR dye and dye
adsorbed ZnO powders are shown in Fig. 4A and B. As seen in Fig. 4A,
the adsorption bands at 3295, 1200 and 1041 cm~! correspond to
the —-NH,- stretching vibration and asymmetric and symmetric
-S=0- stretching vibration from sulfonic (-SO3~) groups, respec-
tively [46]. The peak intensities of the 1041, 1075 cm~! symmetric
(-S037) and the 1137, 1201 cm~! symmetric (-SO3~) stretching
vibrations are much higher at pH 6.0 than that at pH 4.0 [47]. The
Zn-0 (477, 513 cm~1) adsorption bands are clearly delineated [48]
(Fig. 4B). This indicates that more RBBR dye adsorbed onto ZnO
powder at pH 4.0 [49].

3.4. Adsorption isotherms

Three important isotherm models were chosen to fit the exper-
imental equilibrium data in this study. Adsorption isotherm model
constants the values of which express the surface properties and
affinity of the biosorbent can be used to compare the adsorption
capacities of ZnO for RBBR dye. The isotherm constants are summa-
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Table 3
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Langmuir, Temkin and Dubinin-Radushkevich parameters for the adsorption isotherms of RBBR onto Z075 and Z300 (pH 4.0, t=25°C, V=100mL, m=0.2gL").

I[sotherms Powder

Langmuir

Constants R?

qm (mgg™) Ki(Lg™)

Z075
Z300

Ce/qe =1/qm Ki + Ce/[qm

Isotherms Powder

Temkin

38.9
89.3

1.52
2.01

0.9981
0.9960

Constants R?

AG° (kjmol-1)

Kt (Lmol-1)

e =(RT/br) In K + (RT/br) In Ce 2075

7300
Constants

Isotherms Powder

33.8
46.4

—8.729
—9.510

0.8725
0.9075

R?

Dubinin-Radushkevich Kpg (mol?]2)

qm (mgg™") E (k] mol-T)

Z075
Z300

0.0056
0.0017

Inge =Ingm — Kpr &2

30.2
46.1

-9.450
-17.20

1.000
1.000

rized in Table 3. Analysis of the R? values (Table 3) showed that the
Langmuir and Dubinin-Radushkevich equations have more precise
coefficients than the Temkin equation for modeling the RBBR dye
adsorption onto Z075 and Z300. The Langmuir adsorption isotherm
was preferred for the estimation of the monomolecular adsorp-
tion capacity gm corresponding to complete monolayer coverage
on the powder surfaces. The values of g, K. and the coefficient of
determination R? are given in Table 3. The monomolecular adsorp-
tion capacity, qm, showed that Z300 (89.3 mgg~!) had more mass
capacity than Z075 (38.9 mg g~!). The Langmuir isotherm provided
an acceptable fit indicating a homogeneous and monomolecular
adsorption mechanism.

The Temkin isotherm model predicts a uniform distribution of
binding energies over the population of surface binding adsorption
sites. The range and distribution of the binding energies should
depend strongly on the density and distribution of functional
groups both on the dye and adsorbent surfaces. The Temkin adsorp-
tion isotherm model was chosen to determine the adsorption
potentials of the adsorbent for adsorbates. The Temkin adsorption
potentials Kt for Z075 and Z300 are 33.8 and 46.4Lmol~!, respec-
tively.

The values of the standard free enthalpy, AG°, were calculated
according to Eq. (3) for Z075 and Z300 (—8729 and —9510] mol-1,
respectively) in Table 3. These results show that in the Temkin
isotherm model, binding energy increased with increasing amount
of adsorbed dye on the adsorbent surface.

The Dubinin-Radushkevich model used to determine the char-
acteristic porosity and the apparent free energy of adsorption. The
isotherm parameters qm and Kpr are presented in Table 3. The
monomolecular adsorption capacities qm, for Z075 and Z300 were
30.2 and 46.1 mg g1, respectively. The porosity factors Kpg for Z075
and Z300 were 0.0056 and 0.0017 mol?2 ]~2, respectively. The appar-
ent free energies from the Dubinin-Radushkevich model for Z075
and Z300 were calculated to be in the range of 9450-17,200] mol~!.
The mean free energy of adsorption gives information about the
adsorption mechanism as a chemical ion-exchange. If the value of E
is between 8 and 16 k] mol~! then the adsorption process follows by
chemical ion-exchange and if E<8 k] mol~! the adsorption process
is of a physical nature. These results indicate that the adsorption
process of dye (with —-SO3~ groups) onto ZnO may be carried out
via a chemical anion-exchange mechanism.

3.5. Adsorption kinetic models
The effect of time on RBBR dye adsorption for Z075 and Z300

were investigated in a batch system. The equilibrium adsorption
capacities of the RBBR for Z075 and Z300 versus time are shown

250

200 - O

]
O e O
®

150 L1

Ge(mg g™

100
Z075

040
@25C
O 15°C

50

0 | | |
200 300

t(min)

400

Fig. 5. The effect of contact time on the adsorption capacity of Z075 at different
temperatures (Co: 1000 ppm, pH: 4.0, agitation rate: 150 rpm).

in Figs. 5 and 6 at 15, 25 and 40°C, respectively. Both Z075 and
Z300 reached the saturation level in approximately 6h. At the
initial RBBR concentration (1000 ppm) in the batch system, the
adsorption capacities were determined to be 210 and 285 mgg~!

350
300 5O 0O O O O
o
2500 P [ o o
o o ®
Ezoou 5 o 9) O @) 0 O
- _|@
& 150 O
100 o Z300
g40°C
50 @ 25T
015C
0 I \ |
0 100 200 300 400
t(min)

Fig. 6. The effect of contact time on the adsorption capacity of Z0300 at different
temperatures (Cp: 1000 ppm, pH: 4.0, agitation rate: 150 rpm).
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Table 4

Comparison of kinetic parameters of the Lagergren first-order, Ritchie second-order kinetic and intra-particle diffusion models for the removal of RBBR onto Z075 and Z300

(Co=1000 ppm, 150 rpm, pH 4.0).

Experimental Lagergren first-order kinetic

Ritchie second-order kinetic

Intra-particle diffusion model

exp (Mgg™")

ki x 102 Geq (Mgg™') R ky x 104 Qeq (Mgg™') R Kair (mgg=min-'2)  C R?
(min~1) (gmg ' min~1)
15°C
7075 1725 1.68 55.5 0.8408 325 175.4 0.9986  6.383 66.491  0.8150
7300  205.0 1.18 91.0 08517  6.72 196.1 0.9994  7.832 179.93  0.6777
25°C
7075  195.0 2.14 77.5 09913  4.11 200.0 0.9995  5.842 100.05  0.8139
7300 2575 2.38 110.7 0.9942 449 263.2 0.9995  6.379 154.16  0.7004
40°C
7075 224.0 1.98 101.8 0.8512 583 227.3 1.0000  4.065 15891 0.7707
7300  300.0 2.39 126.3 09676  4.84 303.0 1.0000  5.383 107.74  0.6822
of RBBR adsorption onto Z075 and Z300 in 90 min, respectively. 2.0
After 90 min, the adsorption capacity hardly changed during the
adsorption time.
The experimental kinetic data of the adsorption studies were et
used in the Lagergren first-order, Ritchie second-order kinetic and -I—A
intra-particle diffusion models. The first-order kinetic model indi- g 12
cates that the process of adsorption occurs at a rate proportional to =
dye concentration, which is suitable especially for low concentra- E
tions. The second-order kinetic model is derived from adsorption =08
processes in which the rate-controlling step is an exchange reaction g
[39,40]. The rate constants k and the intra-particle diffusion model 04
constant Ky;jr for the adsorption of the dye on the ZnO powder are
presented in Table 4. The data obtained from the first-order kinetic
equation were not well-defined for the adsorption of the tested dye 0 5 1'00 2(‘)0 3(;0 50
on the powder. t(min )

As seen in Figs. 7 and 8, the experimental values of the max-
imum adsorption capacity gexp for Z075 and Z300 are very close
to the calculated theoretical values ge of the second-order kinetic
model. This process was suitable for the description of the adsorp-
tion kinetics for the removal of RBBR from aqueous solution onto
Z075 and Z300. The adsorption can be seen as the rate-limiting step
that controls the adsorption process.

As seen in Table 4, which shows the Kg;r values and coefficient
constant, the intra-particle diffusion model cannot be the domi-
nating mechanism for the adsorption of the RBBR from aqueous
solution by the Z075 and Z300.

25
Z075
O 40°c
20~ @ 25°C
= O15C
o
E
o 05
c”
E
Eﬂ 1.0 =
0.5 —
5 \ | |
0 100 200 300 400

t(min)

Fig. 7. The second-order kinetic plots for adsorption of RBBR onto Z075.

Fig. 8. The second-order kinetic plots for adsorption of RBBR onto Z300.

3.6. Adsorption thermodynamics

According to the well-known Arrhenius equation, a plot of Ink
against 1/Tis shown in Fig. 9. The activation energy, E¥, and the fre-
quency factor A were calculated, respectively from the slope and the
intercept of the straight line as seen in Fig. 9. By using these param-
eters, the temperature dependence of the adsorption rate constant

2.0
Ink = -1.1947x10°/T+5,7552
R =0.9911
1870y zoms
@ 00
i 161
i
[=)]
E
()]
— 1.4}
=,
£
1.2+
Ink = -2.112x103/T+8.547
R2=0.9997
1.0 | \ |
31 3.2 33 34 3.5

(am @k

Fig. 9. The Arrhenius plots for the adsorption of RBBR onto Z075 and Z300.
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Table 5

Thermodynamic parameters for the adsorption of RBBR onto different ZnO fine powder (Co = 1000 ppm, 150 rpm, pH 4.0, m=0.2 g).

T (K) K(gmol-'s1) K* x 1013 (gmol')
Z075

288.15 3.394 5.654

298.15 4.292 6.910

313.15 6.088 9.332
Z300

288.15 5.054 7.747

298.15 5.641 9.080

313.15 7.017 11.690

AH* (Jmol1) AG* (Jmol 1) AS* (Jmol ' K1)
12,768 67,600 —190.3
12,601 69,409 —190.5
12,352 72,118 —190.9
5141.3 66,807 —214.0
4975.1 68,732 —-213.8
4725.6 71,532 -2133

is expressed in the following form:

p(717, 559 mol 1)

k=(5.151 x 10> gmol ' s~ 1) ex T

(20)
(-9932.7]mol™ 1)

_ 2 -1 -1
k =(3158 x 10°gmol™ s~ ' )exp RT

(21)

The magnitude of the activated energy E¥ may provide a clue
to the type of adsorption, physical or chemical [47], that is taking
place. The activation energy for physical adsorption is usually no
more than 4200] mol~!. The E* values, calculated from the plot,
were found to be 17,559 and 9932.7Jmol~! for the adsorption of
RBBR onto Z075 and Z300, respectively. These values are of the
same magnitude as the activation energy of chemical adsorption.
The positive values of E* indicate the endothermic nature of the
adsorption process.

The Gibbs free energy for activation value, which is given in
Table 5, was calculated from Eq. (18). As seen in Table 5, the posi-
tive AG* values indicate that the instability activation complex of
the adsorption reaction increases with increasing temperature. The
AH* values decrease positively with increasing temperature. Also,
the positive AH* indicates, the endothermic nature of adsorption
at 15-40°C. The adsorption process in the solid-liquid system is a
combination of two processes: (a) the desorption of the molecules
of water (solvent) previously adsorbed and (b) the adsorption
of adsorbate species [41,50,51]. The values of the negative acti-
vation entropy AS* confirm the decreased randomness at the
solid-solution interface during adsorption.

4. Conclusion

Zinc oxide fine powders were prepared by homogeneous precip-
itation in aqueous solution with excess urea and 0.075 and 0.300 M
Zn%* (Z075 and Z300). The ability of Z075 and Z300 to remove RBBR
dye was examined, including equilibrium, kinetic and thermody-
namic studies of adsorption. Experiments were performed as a
function of initial pH, temperature and time. The pH of the solution
played a significant role in the adsorption capacity of ZnO pow-
der. Z075 and Z300 have high adsorption yields for dye removal
from solutions at pH 4.0. The adsorption capacity of the adsor-
bate increased from 15 to 40°C. The maximum dye uptake was
observed at the initial dye concentration (1000 ppm). The Lang-
muir, Temkin, and Dubinin-Radushkevich adsorption models were
used for the mathematical explanations of the adsorption equi-
librium of RBBR. The R? values indicated that the adsorption of
dye onto ZnO powder fit the Langmuir and Dubinin-Radushkevich
isotherm models. The adsorption capacities of Z075 and Z300 for
the dye were 38.9 (Langmuir); 30.2 (D-R) and 89.3 (Langmuir);
46.1 (D-R)mgg!, respectively. The Lagergren first-order, Ritchie
second-order kinetic and intra-particle diffusion models were used
to model the adsorption of the dye onto ZnO powder. It was deter-
mined that the interactions could best explained on the basis of the
second-order kinetic model. The kinetic studies at the initial dye

concentration showed that the greatest adsorption capacity was
achieved in 360 min for both Z075 and Z300.

The activation energies of RBBR dye over Z075 and Z300 were
calculated as 17,559 and 9932.7 ] mol~!, respectively. The positive
values of E* indicate that the adsorption process is an endother-
mic process of a chemical nature. The above results confirmed the
potential of ZnO fine powders as an adsorbent for basic dyes as well
as other adsorbate. Overall, ZnO fine powders can be successfully
used as adsorbents for color removal from aqueous solution.
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