
lable at ScienceDirect

Journal of Molecular Structure 1210 (2020) 128029
Contents lists avai
Journal of Molecular Structure

journal homepage: ht tp: / /www.elsevier .com/locate/molstruc
Synthesis and characterization of ZnO nanoparticles via zeolitic
imidazolate framework-8 and its application for removal of dyes

N. Hassan a, A. Shahat b, A. El-Didamony c, M.G. El-Desouky a, A.A. El-Bindary d, *

a Chemistry Department, Faculty of Science, Port Said University, Port Said, 42511, Egypt
b Chemistry Department, Faculty of Science, Suez University, Suez, 43518, Egypt
c Chemistry Department, Faculty of Science, Zagazig University, Zagazig, 44519, Egypt
d Chemistry Department, Faculty of Science, Damietta University, Damietta, 34517, Egypt
a r t i c l e i n f o

Article history:
Received 26 November 2019
Received in revised form
4 March 2020
Accepted 5 March 2020
Available online 10 March 2020

Keywords:
ZnO nanoparticles
Adsorption
Kinetics
Isotherm
Thermodynamics
* Corresponding author.
E-mail address: abindary@yahoo.com (A.A. El-Bind

https://doi.org/10.1016/j.molstruc.2020.128029
0022-2860/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t

Zinc oxide (ZnO) nanoparticles were obtained via calcination of zeolitic imidazolate framework-8 (ZIF-8).
The activities of prepared ZnO nanoparticles at different temperature 450, 550, and 650 �C were
investigated for the adsorption of acid red 57 (AR57) and remazole red (RR) dye. The synthesized ZnO
nanoparticles were characterized by different spectroscopic studies such as FTIR, X-ray diffraction,
energy-dispersive X-ray spectroscopy, N2 adsorptionedesorption and pH titration for determination of
Zero-point charge (pHZPC). The mechanism of adsorption behavior of AR57 and RR are studied with
respect to temperature, pH and concentration. Experimental data indicated that the adsorption capacity
of ZnO for AR57 and RR was higher in acidic rather than in basic solutions. The activation energy of
adsorption was also evaluated for the adsorption of AR57 and RR onto ZnO nanoparticles. Langmuir and
Freundlich adsorption models were also applied to describe the equilibrium isotherms and the isotherm
constants. The pseudo-first-order and pseudo-second-order model equations were used to analyze the
kinetics of the adsorption process. The adsorption efficiency of ZnO nanoparticles was found in the order:
450 > 550 > 650 �C. The activation energy, enthalpy, change of free energy and entropy of adsorption
were also evaluated for the adsorption of AR57 and RR onto ZnO nanoparticles. The thermodynamics of
the adsorption indicated spontaneous and exothermic nature of the process.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Dyes have been used for coloring industrial products such as
textile, food, plastics, paper, tannery and cosmetics [1]. Dyes can be
classified as cationic dye (basic dyes), anionic dye (acid dyes) and
non-ionic (dispersed dyes) [2]. The treatment of industrial waste
water to remove color from it has become environmentally
important [3]. The anionic dyes in aqueous solution carry a net
negative charge due to the sulphonate groups, while the cationic
dyes carry a net positive charge due to the protonated amine or
sulphur containing groups [4]. Thus, it is imperative to treat these
effluent dyes before releasing into the aqueous environment. Also,
they have aromatic structure which makes them more stable and
difficult to biodegrade [4]. The methods were used for removing
color effluents from water include oxidation [5], electro-chemical
ary).
[6], coagulation [7], solvent extraction [8], photocatalytic degra-
dation [9], ozonation [10], adsorption [11], etc. but, the adsorption
technique is considered to be favorable than other techniques.
Because, it’s ease of operation, high efficiency, simple design and
the important point its low cost [12].

Zinc oxide has unique properties that have been utilized in
many types of applications, and the surface properties of this ma-
terial have been investigated by various approaches. ZnO is one of
the most commonly used materials for adsorption applications
owing to its high chemical stability, low cost, low toxicity, and
excellent oxidation properties. These parameters depend on the
method of preparation of ZnO, which can be formed in several
morphologies and sizes, especially in nanoscale dimensions [13].

In this work, the BET surface area for ZnO was 37.674 m2/g and
the total pore volume taken at a saturation pressure and expressed
as liquid volume is 0.1178 cm3/g and average pore diameter
12.5068 nm. The BJH surface areawas 51.139 m2/g and pore volume
0.125 cm3/g. SEM analysis approved that ZnO was nanoparticles as
its average diameter was ~38.84 nm. The observed diffraction peaks
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connected with well crystallized ZnO indicate the formation of the
hexagonal wurtzite structure. The energy dispersive X-ray analysis
was performed to know the elemental composition of zinc and
oxygen present in the ZnO nanoparticles. The thermodynamic pa-
rameters such as DG, DS and DH were calculated from the in-
tercepts and slopes of the linear variation of lnK vs. 1/T. The
adsorption equilibrium showed that the Langmuir equation rep-
resented best fit of the experimental data than others for both AR57
and RR dye. The adsorption kinetics was found to follow pseudo-
second-order kinetic model, suggesting a chemisorption process.
Adsorption thermodynamic study suggested that the adsorption
reactions were spontaneous, endothermic and thermodynamically
favorable.

2. Materials and methods

2.1. Chemicals

Chemicals were used as received without any further purifica-
tion process. They include zinc nitrate hexahydrate (99%, Tianjin
Kemiou Chemical Reagent, China), 2-methylimidazole (Hmim)
(Sinopharm chemical reagent Co. Ltd., China), ammonium hy-
droxide solution (NH3, 25e28%, Nanjing Chemical Reagent Co. Ltd.,
China), anhydrous ethanol (99.7%, Sinopharm chemical reagent Co.
Ltd., China). Acid Red 57 and Remazol Red were purchased from
Merck KGaA, 64,271 Darmstadt, Germany.

2.2. Preparation of the adsorbent

ZIF-8 was synthesized according to previously reported studies
[14]. In a typical synthesis, 2.97 g of zinc nitrate hexahydrate
(Zn(NO3)2$6H2O) was dissolved in 3 g of deionized water; 1.64 g of
Hmimwas added in 20.75 mL ammonium hydroxide solution; after
that zinc nitrate and Hmim solutions were mixed together. The
solution immediately turned into milk-like suspension, and stirred
for 10min at room temperature to complete the crystallization. The
sample was collected by centrifugation and washed with deionized
water three times until the final product had pH value of 7, then
dried at 60 �C overnight. ZnO was obtained via calcination ZIF-8 at
450, 550 and 650 �C for 2 h with heating rate of 5 �C.min�1.

2.3. Preparation of adsorbate

Stock solutions of AR57 and RR (1 � 10�3 M) were prepared by
dissolving an accurate quantity of AR57 and RR individual (Tables 1
and 2). Deionized water was used in preparing the stock solutions
and also throughout the experimental analysis.

2.4. Characterization of ZnO nanoparticles

FTIR analysis was carried out using a JASCO-FT/IR-4100 spec-
trometer (Jasco, Easton, MD, USA): the finely grinded sample of ZnO
was included into KBr discs prior to analysis in the wavenumber
range 400e4000 cm�1. Structural deviations of the as-prepared
ZnO samples was investigated by X-ray diffraction (XRD) system
by a Shimadzu XRD-6000 diffract meter (Shimadzu Corporation,
Tokyo, Japan) equipped with Cu Ka radiation (l ¼ 1.54 Å). The 2q
rangewas varied between 5 and 80� at a scanning rate of 0.02�. The
crystal system, space group and lattice parameters values were
measured and optimized using CRYSFIRE and CHEKCELL computer
databases [15]. UVevisible spectrophotometer (HACH LANGE
DR5000) was working for absorbance measurements of samples
using 1.0 cm quartz cell. N2 sorption isothermswere recorded at the
boiling temperature of liquid nitrogen (�196 �C) on ASAP 2020
(Micrometrics, USA). Before analysis, the particles were exposed to
vacuum (5 � 10�3 torr) at 200 �C in order to ensure a clean surface.
Using Brunauer-Emmett-Teller (BET) method, from which the
Brunauer-Emmett-Teller (BET) surface area and Barrett-Joyner-
Halenda (BJH) pore volume were calculated. The surface
morphology of ZnO was studied using scanning electron micro-
scope (SEM) investigation at accelerating voltages of 20 kV (JEOL-
JSM-6510 LV) using gold coating examination. The elemental dis-
tribution of ZnO was examined using the energy-dispersive X-ray
spectroscopy (EDX) and taken on a Leo1430VP microscope with
operating voltage 5 kV. HANNA instrument pH meter (model 211)
was used for pH modification.
2.5. Experimental design for batch adsorption studies

Batch adsorption techniques were performed to study the effect
of parameters such as adsorbent dose, contact time, initial con-
centration, solution pH and temperature for the removal of AR57
and RR on ZnO nanoparticles. The process was carried out by
shaking 50 mL conical flasks containing 0.02 g of ZnO and 25 mL of
dye solutions of desired concentration with adjusted pH using a
shaker water bath at a constant speed of 200 rpm. To observe the
effect of adsorbent dose on dyes adsorption, different amounts of
ZnO (varying from 0.01 to 0.10 g) were respectively added into
initial concentration of AR57 (1.22 � 10�3 M) and RR
(1.06 � 10�3 M) solution at 25 �C and the desired pH until the
equilibrium time was reached. The effect of pH on AR57 and RR
adsorptionwas studied by varying the pH from 2 to 12 and adjusted
to the desired value using 0.1 mol/L HCl and 0.1 mol/L NaOH so-
lutions. At the end of the adsorption period, the supernatant so-
lutionwas separated from the adsorbent by centrifuge at 3000 rpm
for 5 min. Then the concentration of the residual dye was deter-
mined spectrophotometrically by monitoring the absorbance at
512 nm for AR57 and 541 nm for RR using UVeVis spectropho-
tometer. Percentage of dye removal (R) was calculated using Eq. (1):

R¼100ðC0 �CtÞ =C0 (1)

where C0 (mmolg�1) and Ct (mmolg�1) are dye concentration
initially and at time t, respectively.

For adsorption process, dye solutions of different concentrations
(8.85 � 10�4 e 3.63 � 10�3 M) for AR57 and (3.7 � 10�5 e

1.06 � 10�3 M) for RR was agitated with 0.02 g of adsorbent until
the equilibrium was achieved. Equilibrium adsorption capacity, qe
(mmol dye per g adsorbent) was calculated from the following Eq.
(2):

qe ¼VðC0 �CtÞ =W (2)

where Ct (mmolg�1) is the dye concentration at equilibrium, V (L) is
the volume of solution and W (g) is the weight of adsorbent.

The procedures of kinetic experiment were identical with those
of equilibrium tests. At predetermined moments, aqueous samples
(5 mL) were taken from the solution, the liquid was separated from
the adsorbent by centrifuge and concentration of dye in solution
was determined spectrophotometrically. The amount of dye
adsorbed at time t, qt (mmolg�1) was calculated by following Eq.
(3):

qt ¼VðC0 �CtÞ =m (3)

where C0 (ppm) is the initial dye concentration, Ct (ppm) the dye
concentration at any time t, V (L) the volume of the solution and m
(g) is the mass of the adsorbent.

The adsorption isotherms which indicate that the AR57 and RR
adsorption behavior was investigated at 20, 25, 30, 35, 40 and 45 �C



Table 1
Properties of the adsorbate (Acid Red 57) used in the study.

Parameter Characteristic

Chemical name sodium (E)-6-amino-5-((2-(N-ethyl-N-phenylsulfamoyl)phenyl)diazenyl)-4-
hydroxynaphthalene-2-sulfonate

Type color anionic
Chemical formula C24H21N4NaO6S2
Molecular weight (g/mol) 548.57
Wavelength of maximum absorption (nm) 512
Molar extinction coefficient, ε512 (M�1 cm�1) 23,660
Chemical structure of color

Table 2
Properties of the adsorbate (Remazol Red) used in the study.

Parameter Characteristic

Chemical name: 6-((5-((ethylperoxy)thio)-methoxyphenyl)diazenyl)-5-hydroxynaphthalene-1-sulfonic acid
compound with methyl hydrogen sulfate (1:1)

Type color anionic
Chemical formula C20H22N2NaO11S3
Molecular weight (g/mol) 562.58
Wavelength of maximum absorption (nm) 541
Molar extinction coefficient, ε541 (M�1 cm�1) 15,800
Chemical structure of color
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with initial dye concentration 1.22 � 10�3 M for AR57 and
1.06 � 10�3 M for RR and adsorbent dosage of 0.02 g ZnO. The
solutionwas shaken at 200 rpm using shaker water bath for 30 min
and then the absorbance was measured spectrophotometrically.
The point of zero charge (pHPZC) was determined by solid

additionmethod [16]. A series of 0.1M KNO3 solutions (50ML each)



Fig. 2. FTIR spectrum of ZIF-8 and ZnO nanoparticles at different temperatures 450,
550 and 650 �C.
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were prepared and their pH values were adjusted in the range of
1.0e12.0 by addition of 0.1 molL-1 HCl and 0.1 molL-1 NaOH. To each
solution, 0.1 g of ZnO nanoparticles was added and the suspensions
were shacked manually and the solution was kept for a period of
48 h with intermittent manual shaking. The final pH of the solution
was recorded and the difference between initial and final pH (DpH)
(Y-axis) was plotted against the initial pH (X-axis). The point of this
curve yielded pHPZC.

3. Results and discussion

3.1. Characterization of ZnO nanoparticles

3.1.1. X-ray diffraction (XRD) patterns
The XRD patterns of the as-arranged ZnO nanoparticles at

different thermal treatment temperatures are shown in Fig. 1. The
observed diffraction peaks connected with well crystallized ZnO
indicate the formation of the hexagonal wurtzite structure with
lattice constants a ¼ b ¼ 3.249 Å and c ¼ 5.206 Å (space group
P63mc, JCPDS card no. 36e1451) [17]. No additional peaks due to
impurities were detected, indicating the high purity of the as-
prepared ZnO. It can be seen that the XRD patterns of the ZnO
samples are similar at different temperatures [18]. The peaks at
2q¼ 31.78, 34.43, 36.27, 47.55, 56.62, 62.88, 67.97, and 69.11� can be
attributed to the (100), (002), (101), (102), (110), (103), (112), and
(201) planes of ZnO, respectively [19]. The crystallite size (D, Å) of
the ZnO nanoparticles was calculated by using the Scherrer formula
Eq. (4).

D¼Kl=bCosq B (4)

where l is the X-ray wavelength (1.54 Å), b is the angular width of
the peak at half its maximum intensity (full width at half-
maximum) corrected for instrumental broadening, B is the
maximum of the Bragg diffraction peak, and K is the Scherrer
constant (0.9 Å). The crystallite size of ZnO calculated from the
high-intensity (101) peak was 208.98, 326.98, and 359.63 nm at the
temperatures 450, 550, and 650 �C, respectively. It can be easily
concluded that by increasing the temperature, the average grain
size increases [20] and the specific surface area decreases [21].
These results can be explained on the basis of the increased extent
of agglomeration of the ZnO nanoparticles.

3.1.2. Fourier transform infrared (FTIR) analysis
The FTIR patterns of the as-arranged ZnO nanoparticles at

different thermal treatment temperatures are shown in Fig. 2. A
broad peak observed at 3446 cm�1 corresponds to the vibrational
Fig. 1. X-ray diffraction spectra of ZIF-8 and ZnO nanoparticles at different tempera-
tures 450, 550 and 650 �C.
modes of the OeH bond [22]. A relatively less intense peak at
1630 cm�1 represents the OeH stretching of the adsorbed water
molecules. A very weak peak at ~1918 cm�1 is recognized as due to
the symmetric CeH bond, which may be present because of the
environmental conditions. The vibrations of ZnO are in the range
400e600 cm�1. The band at 548 cm�1 is connected with oxygen
deficiency and/or oxygen vacancy deficiency present in ZnO [23].

3.1.3. Brunauer-Emmett-Teller (BET) surface area
The BET surface area and BarretteJoynereHalenda (BJH) pore

size of ZnO at 450 �C were investigated using N2 adsorption/
desorption measurements at 77 K. The N2 adsorptionedesorption
isotherm of ZnO nanoparticles can be classified as type III, which
refers to the reversible isotherm is convex to the x axis over its
entire range. It also indicates unrestricted multilayer formation
process. It forms because lateral interactions between adsorbed
molecules are strong in comparison to interactions between the
adsorbent surface and adsorbate (Fig. 3).

The BET surface area for ZnOwas 37.674m2/g adopting a value of
16.2 Å for the cross-sectional area of the N2 molecule. However, the
total pore volume taken at a saturation pressure and expressed as
Fig. 3. N2 sorption isotherm of ZnO nanoparticles at 450 �C.



Fig. 4. SEM image of ZnO nanoparticles at 450 �C.

Fig. 6. Relation between the initial pH and DpH of ZnO nanoparticles at 450 �C.
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liquid volume is 0.1178 cm3/g and average pore diameter
12.5068 nm. The BJH surface area was 51.139 m2/g, pore volume
0.125 cm3/g and pore diameter Dv(d) 1.656 nm. The external sur-
face area 37.674 m2/g were (calculated on t-plot method), which is
beneficial for adsorption application [24].

3.1.4. SEM analysis
Structural characterization and morphology of ZnO was carried

out through SEM analysis. Fig. 4 shows the SEM image of ZnO that
prepared by calcination of ZIF-8 at 450 �C. SEM analysis approved
that ZnO was nanoparticles as its average diameter was from 27 to
47 nm [25].

3.1.5. Energy-dispersive X-ray spectroscopy (EDX)
The energy dispersive X-ray analysis of ZnO nanoparticles at

450 �C was performed to know the elemental composition of zinc
and oxygen (Fig. 5). The presence of carbon was observed in our
study which was due to the use of ZIF-8, as a precursor for the
synthesis of zinc oxide nanoparticles [26].

3.2. Batch experiments

3.2.1. Determination of point of zero charge (pHPZC)
pH was one of the most important parameters for AR57 and RR

sorption, as it determined which ionic species were present in the
adsorbate solution and the surface charge of the sorbent. Surface
Fig. 5. EDX spectrum of ZnO
charge of the ZnO nanoparticles was determined by the PZC, which
is defined as the pH (pHPZC) at which the positive charges on the
surface equal the negative charges [16]. The pHPZC of ZnOwas found
to be 7.88. This shows that below this pH, the ZnO nanoparticles
acquires a positive charge due to protonation of functional groups
and above this pH, negative charge exists on the surface of ZnO. The
adsorption of anionic dyes is favored at pH < pHPZC where the
surface becomes positively charged (Fig. 6).
3.2.2. Effect of pH
The pH value of aqueous solution is an important parameter in

the adsorption study of anionic dyes because of its effect on both
ionization of dye molecules and surface binding sites. The removal
of the tested dyes AR57 and RR by ZnO nanoparticles at different pH
values (2e12) was studied at initial concentration of 1.22 � 10�3 M
and 1.06 � 10�3 M for AR57 and RR, respectively on 0.02 g ZnO at
25 �C. ZnO nanoparticles has proved to be an effective adsorbent for
the removal of these dyes and the most effective pH was 2 for AR57
and 3 for RR and it was used in further studies (Fig. 7).

This indicate that the adsorption is highly dependent on pH of
the solution which affects the surface charge of the adsorbent and
the degree of ionization and speciation of adsorbate [27,28]. At
lower pH more protons will be available, thereby increasing elec-
trostatic attractions between negatively charged dye anions and
positively charged adsorption sites and causing an increase in dye
nanoparticles at 450 �C.



Fig. 7. (a) pH effect on AR57 adsorption using ZnO nanoparticles at 450 �C as adsorbent (T: 25 �C; C0: 1.22 � 10�3 M). (b) pH effect on RR adsorption using ZnO nanoparticles at
450 �C as adsorbent (T: 25 �C; 1.06 � 10�3 M).
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adsorption [13]. The high adsorption capacity is due to the strong
electrostatic interaction between the Zn2þ and SO3

� dye anions.
When the pH of the solution is increased, the positive charge on the
oxide or solution interface decreases and the adsorbent surface
appears negatively charged. On the contrary, a lower adsorption at
higher pH values may be due to the abundance of OH� ions and
because of ionic repulsion between the negatively charged surface
and the anionic dye molecules. There are also no exchangeable
anions on the outer surface of the adsorbent at higher pH values
and consequently the adsorption decreases [29,30]. The pHPZC of
ZnO nanoparticles was found to be 7.88. So, the adsorption of
anionic dyes is favored at pH < pHPZC where the surface becomes
positively charged.
3.2.3. Effect of adsorbent dosage
The adsorption of AR57 and RR on the ZnO nanoparticles sor-

bent was studied at 25 �C by changing the quantity of adsorbent
range of (0.01e0.1 g) per 25 mL, at adsorbate concentration
1.22 � 10�3 M and pH 2 for AR57 while for RR concentration
Fig. 8. Effect of sorbent dose (SD) on AR57 adsorption using ZnO nanoparticles at 450 �

1.2 � 10�3 M; T: 25 �C; pH 2).
1.06 � 10�3 M and pH 3. The results in Figs. 8a and 9a show the
AR57 and RR adsorption capacity as a function of adsorbent
amount. It has been found that the adsorption capacity decreases
from 1.06 to 0.28 mmol/g and 2.59 to 0.26 mmol/g for AR57 and RR,
respectively when the dosage of ZnO increases from 0.01 to 0.1 g
per 25 mL. Figs. 8b and 9b show the effect of dosage on the equi-
librium concentration (C/C0) of AR57 and RR by the zinc oxide
sorbent. As the dosage increases, the equilibrium concentration of
AR57 and RR is decreased, which is due to the increase in the
adsorbent surface area of the adsorbent. The results shown indicate
that the removal efficiency increases up to 92.1% (C/C0 ¼ 0.079) at
adsorbent dose of 0.1 g per 25 mL for AR57, while for RR the
removal efficiency increases up to 99.3% (C/C0 ¼ 0.0065) at adsor-
bent dosage of 0.1 g per 25 mL. The surface of the adsorbent is
composed of active sites with a spectrum of binding energies [31].
At the low dose of adsorbent, all of the sites are exposed entirely
and the adsorption on the surface is saturated faster showing a
higher adsorption capacity. An increase in the mass of adsorbent
leads to a decrease in equilibrium adsorption capacity per unit
C: (a) Sorption capacity vs. SD, (b) Relative residual concentration (C/C0) vs. SD (C0:



Fig. 9. Effect of sorbent dosage (SD) on RR adsorption using ZnO nanoparticles at 450 �C: (a) Sorption capacity vs. SD, (b) Relative residual concentration (C/C0) vs. SD (C0:
1.2 � 10�3 M; T: 25 �C; pH 3).
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weight of the adsorbent (qe) because there is excess adsorbent for
the limited amount of AR57 and RR ions in the solution. According
to the result, the dose of 0.01 g per 25 mL will achieve the
maximum loading capacity for the sorbent, and the dose of 0.1 g per
25 mL will achieve the maximum removal efficiency 92.1% (C/
C0 ¼ 0.079) for AR57 and 99.3% (C/C0 ¼ 0.0065) for RR. So the
determination of the optimum adsorbent dose depends on the
design and purpose of treatment process.

3.2.4. Effect of adsorbent particle size on dye removal
The influence of crystalline size of ZnO nanoparticles (adsor-

bent) on adsorption of AR57 and RR was tested using different
particle size of ZnO (208.98, 326.98 and 359.63 nm) as its the size of
ZnO at different temperature of calcination 450, 550, 650 �C,
respectively. The adsorbent dosage was 0.02 g; volume of the dye
solutionwas 25mL, Concentration 1.22� 10�3 M pH 2 for AR57 and
concentration 1.06� 10�3 M pH 3 for RR, shaking speed of 200 rpm.
Fig. 10. Effect of particle size of ZnO nanoparticle
The percentage adsorption of AR57 decreased from 99.8 > 83.79 >
82.23% on increasing the particle size (208.98, 326.98 and
359.63 nm) while RR The percentage of its adsorption was
decreased from 99.78 > 93.98 > 92.18% on increasing the particle
size (Fig. 10). The higher adsorption for AR57 and RR onto smaller
particle size of the adsorbent ZnO at 450 �C was attributed to
increased accessibility of binding sites to increased surface area for
bulk adsorption of the dye [32].

3.2.5. Effect initial concentration (C0)
The influence of initial concentration of AR57 and RR onto ZnO

nanoparticles at 450 �C was investigated with dye concentration
8.85 � 10�4 e 3.63 � 10�3 M range for AR57 while 3.7 � 10�5 e

1.06 � 10�3 M range for RR and adsorbent dosage of 0.02 g. The
percentage (%) removal decreased with increase of initial dye
concentration of AR57 and RR [33]. The percentage decrease in
adsorption is ascribed to saturation of the active binding sites of
s on the adsorption of AR57 (a) and RR (b).
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ZnO at higher concentrations of AR57 and RR.
3.2.6. Adsorption isotherms
Isotherm studies give significant insights by clarifying the

adsorbate distribution between solid and solution phase during the
adsorption equilibrium, and adsorption isotherms reveal the
behavior of adsorbate how to interact with adsorbent [34]. Equi-
librium studies that give the capacity of the adsorbent and adsor-
bate are described by adsorption isotherms, which is usually the
ratio between the quantity adsorbed and that remained in solution
at equilibrium at fixed temperature. Various isotherm models have
been used for considering the equilibrium adsorption of com-
pounds from solutions such as Langmuir [35,36], Freundlich [37],
DubinineRadushkevich [38] and Temkin [39].

The Langmuir isotherm model assumes the uniform energies of
adsorption onto the adsorbent surface. It is based on assumption of
the existence of monolayer adsorption onto a completely homo-
geneous surface with a finite number of identical sites and with
negligible interaction between adsorbed molecules [35]. The
Freundlich model is an empirical equation based on adsorption of
heterogeneous surface or surface supporting sites of varied affin-
ities. It is assumed that the stronger binding sites are occupied first
and that the binding strength decreases with the increasing degree
of site occupation [37]. DubinineRadushkevich isotherm is an
empirical model initially for the adsorption of subcritical vapors
onto micropore solids following a pore filling mechanism. It is
applied to distinguish the physical and chemical adsorption for
removing a molecule from its location in the sorption space to the
infinity [38]. The Temkin isotherm assumes that the heat of
adsorption of all molecules in the phase decreases linearly when
Table 3
Isotherms and their linear forms for the adsorption of AR57 onto ZnO.

Isotherm Equation

Langmuir Ce
qe

¼ 1
qmKL

þ Ce
qm

The constants qm and Kl ar
qe vs. Ce with slope 1/qm a

Freundlich
lnqe ¼ lnKF þ

1
n
lnCe

KF and n can be calculated
ln Ce

DubinineRadushkevich lnqe ¼ lnQDR � KDRε
2 The slope of the plot of ln

and the intercept yields th
(mmol/g)

Temkin qe ¼ bT lnKT þ bT lnCe The parameters b and KT a
can be determined by the

Table 4
Isotherms and their linear forms for the adsorption of RR onto ZnO.

Isotherm Equation

Langmuir Ce
qe

¼ 1
qmKL

þ Ce
qm

The constants qm and Kl ar
qe vs. Ce with slope 1/qm a

Freundlich
lnqe ¼ lnKF þ

1
n
lnCe

KF and n can be calculated
ln Ce

DubinineRadushkevich lnqe ¼ lnQDR � KDRε
2 The slope of the plot of ln

and the intercept yields th
(mmol/g)

Temkin qe ¼ bT lnKT þ bT lnCe The parameters b and KT a
can be determined by the
the layer is covered and that the adsorption has a maximum energy
distribution of uniform bond [39].

The linear and nonlinear forms of Langmuir, Freundlich,
DubinineRadushkevich and Temkin isotherm models and their
parameters are shown in Tables 3 and 4, for AR57 and RR respec-
tively where qe the adsorbed amount of dye at equilibrium con-
centration (mmol.g�1), qmL is the maximum sorption capacity
(corresponding to the saturation of the monolayer, mmol.g�1) and
KL is the Langmuir binding constant which is related to the energy
of sorption (L.mmol�1), Ce is the equilibrium concentration of dyes
in solution (M). KF (mmol.g�1) (L. mmol�1)1/n and n are the
Freundlich constants related to the sorption capacity and intensity,
respectively. KDR (J2 mol�2) is a constant related to the sorption
energy, qDR (mmol g�1) is the theoretical saturation capacity, ε
(J2mol�2) is the Polanyi potential. R (8.314 Jmol�1K�1) is the gas
constant, T is the temperature where the adsorption occurs, AT (L
mg�1) is the Temkin isotherm constant, bT (J mol�1) is Temkin
constant in relation to heat of adsorption.

The Langmuir isothermmodel was found to be themost suitable
model for describing the isotherm for the adsorption of both AR57
and RR dyes into the ZnO sorbent Figs.11 and 12. However, from the
isotherm fitting, the Freundlich lines deviated from the experi-
mental data points. The isotherm fitting was plotted on the basis of
the nonlinear equations using the model constant parameters ob-
tained from the linear equation plot analysis. The Langmuir model
presented the high correlation coefficient R2 ¼ 0.9999 for AR57 and
RR was 0.99952.

In addition, the qm calculated from the Langmuir isotherm was
close to the experimental qmax. Analysis of isotherm parameters
proposed by Dubinin-Radushkevich was calculated (Tables 3 and 4)
Value of parameters

e calculated by the plot of Ce/
nd intercept 1/(qmKL)

qm exp (mmolg�1) 1.3675
qm (mmolg�1) 1.3811
KL (Lmmol�1) 248387.968
R2 0.9999

from a linear plot of ln qe vs. n 13.56852
KF (mmoLg�1) (Lmmol�1)1/n 0.77284
R2 0.86585

qe vs. e2 gives KDR (mol2/kJ2)
e adsorption capacity, QDR

QDR 0.50744
KDR (J2mol�2) �8.18E-10
Ea (kJmol�1) 24.7
R2 0.90394

re the Temkin constants that
plot of qe vs. ln Ce

bT (Lmol�1) 27,670
AT (kJmol�1) 21.474
R2 0.89075

Value of parameters

e calculated by the plot of Ce/
nd intercept 1/(qmKL)

qm exp (mmolg�1) 1.26
qm (mmolg�1) 1.26
KL (Lmmol�1) 648744.87
R2 0.99952

from a linear plot of ln qe vs. n 1.519
KF (mmoLg�1) (Lmmol�1)1/n 2.2414
R2 0.77376

qe vs. e2 gives KDR (mol2/kJ2)
e adsorption capacity, QDR

QDR 0.4926
KDR (J2mol�2) �5.488E-10
Ea (kJmol�1) 30.185
R2 0.79887

re the Temkin constants that
plot of qe vs. ln Ce

bT (Lmol�1) 34704.75
AT (kJmol�1) 26.3697
R2 0.76632



Fig. 11. Linearized plots for sorption isotherms for AR57: (a) Langmuir equation, (a) Freundlich equation.

Fig. 12. Linearized plots for sorption isotherms for RR: (a) Langmuir equation, (b) Freundlich equation.
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for both AR57 and RR. This isotherm was developed taking into
account the effect of the porous structure of the sorbent, and the
energy involved in the sorption process. The results of Dubinin-
Radushkevich isotherm are reported in Table 3 and Fig. 13 for
AR57 and Table 4 and Fig.14 for RR. The value of themean energy of
sorption is 24.70 and 30.185 kJ mol�1 for AR57 and RR, respectively:
this is dependable with the proposedmechanism of chemisorption.
Indeed, it is generally admitted that 8 kJ mol�1 is the limit energy
for distinguishing, physical (below 8 kJ mol�1) and chemical sorp-
tion (up 8 kJ mol�1).

A comparison of the correlation coefficient values obtained from
the Langmuir, Freundlich, Dubinin-Radushkevich and Temkin
isotherm models (Tables 3 and 4), reveals that the correlation co-
efficients for the Langmuir isotherm are higher than those for the
Freundlich, Dubinin-Radushkevich and Temkin isotherm models.
This result suggests that the binding of dye ions may occur as a
monolayer on the surface of the sorbent and that the uptake occurs
on a homogenous surface by monolayer sorption. The presence the
same type of functional groups is comforting the hypothesis of
homogeneous surface (or homogeneous energies of sorption). The
ranking of the models as follow: Langmuir >
Temkin > Freundlich > Dubinin-Radushkevich for AR57 while for
RR Langmuir > Dubinin-Radushkevich > Temkin > Freundlich.

3.2.7. Adsorption kinetics and mechanism studies
The study of adsorption kinetics describes the solute uptake rate

and evidently this rate controls the residence time of adsorbate
uptake at the solid-solution interface. The rate of removal of tested
dye by adsorption was rapid initially and then slowed gradually
until it attained an equilibrium beyond which there was significant
increase in the rate of removal. The maximum adsorption was
observed at 100 min and it is thus fixed as the equilibrium time.

Aiming at evaluating the adsorption kinetics of tested dyes onto
ZnO, the pseudo-first-order and pseudo-second-order kinetic



Fig. 13. Linearized plots for sorption isotherms for AR57: (a) Dubbin-Radushkevich equation, (b) Temkin model.

Fig. 14. Linearized plots for sorption isotherms for RR: (a) Dubbin-Radushkevich equation, (b) Temkin model.
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models were used to fit the experimental data, according to the
below kinetic model equations.

The pseudo-first-order rate expression of Lagergren [40] is given
as Eq. (5):

logðqe �qtÞ¼ log qe � k1t (5)

The pseudo-second-order kinetic model [41] is expressed as Eq.
(6):
t
.
qt ¼ 1=k2q

2
2 þ 1

.
q2t (6)

where qt is the amount of dye adsorbed (mg.g�1) at various times t,
qe is the maximum adsorption capacity (mg.g�1) for pseudo-first-
order adsorption, k1 is the pseudo-first-order rate constant for
the adsorption process (min�1), q2 is the maximum adsorption
capacity (mg.g�1) for the pseudo-second-order adsorption, k2 is the
rate constant of pseudo-second-order adsorption (gmol�1min�1).
The straight-line plots of log (qe� qt) vs. t for the pseudo-first-order



Fig. 15. Modeling of uptake kinetics for AR57 with: (a) pseudo-first-order rate expression, (b) pseudo-second-order rate expression.
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reaction and t/qt vs. t for the pseudo-second-order reaction Figs. 15
and 16 for the adsorption of tested dyes onto (ZnO) have also been
tested to obtain the rate parameters. The k1, k2, qe, q2, and corre-
lation coefficients, r12 and r22 for the dye under different tempera-
tures were calculated from these plots and are given in Tables 5 and
6.

Since neither the pseudo-first-order nor the pseudo-second-
order model can identify the diffusion mechanism, the kinetic re-
sults were further analyzed for diffusion mechanism by using the
intra-particle diffusion model. The effect of intra-particle diffusion
constant (internal surface and pore diffusion) on adsorption can be
determined by the following Eq. (7).

qt ¼ kidt
1=2 þ I (7)

where I is the intercept and kid is the rate constant of intra-particle
diffusion (mg g�1 min0.5) which is determined from the linear plot
of qt vs. t1/2 (Figs. 17 and 18) and it is usually used to compare mass
Fig. 16. Modeling of uptake kinetics for RR with: (a) pseudo-first-o
transfer rates. According to this model, the plot of uptake, qt, vs. the
square root of time, t1/2 should be linear if intra-particle diffusion is
involved in the adsorption process and if these lines pass through
the origin, then intra-particle diffusion is the rate controlling step.
The intra-particle diffusion rate constant and intercept values are
displayed in (Tables 5 and 6).

The Elovich equation is used for general application to chemical
adsorption [42]. The equation has been applied satisfactorily to
some chemical adsorption processes and has been found to cover a
wide range of slow adsorption rates. The same equation is often
valid for systems in which the adsorbing surface is heterogeneous
Eq. (8), and is formulated as:

qt ¼ð1 =bÞlnðabÞ þ ð1 =bÞlnt (8)

where a is the chemical adsorption rate (mg/mg min) and b is a
coefficient in relation with the extension of covered surface and
activation energy of chemical adsorption (g/mg). Plot of qt vs. ln t
gave a linear relationship with slope of (1/b) and an intercept of (1/
rder rate expression, (b) pseudo-second-order rate expression.



Table 5
Kinetic parameters and their correlation coefficients for the adsorption of AR57 onto ZnO.

Model Equation Value of parameters

Pseudo-First-order kinetic
logðqe � qtÞ ¼ log qe �

�
K1

2:303

�
t

The plot of ln (qe - qt) against t gives a straight line with
the slope -K1 and intercept ln qe

K1 (min�1) 0.64906
qe (mmolg�1) �0.01
R2 0.91946

Pseudo-second-order kinetic t
qt

¼ 1
K2q2e

þ t
qe

Values of K2 and qe for different initial concentrations of
dye were calculated from the slope and intercept of the
linear plot of t/qt vs. t

K2 (g mg�1 min�1) 0.3245
qe (mmolg�1) 1.424
R2 0.99956

Intraparticle diffusion qt ¼ Ki t
1 =2 þ X The parameters Kdif and C were determined from the

linear plot of qt vs. t1/2
Ki (mgg�1min1/2) �0.0574
X (mgg�1) 0.46639
R2 0.25947

Elovich
qt ¼ 1

b
lnðabÞþ 1

b
lnt

The constants a and bwere obtained from the slope and
intercept of a line plot of qt vs. ln t

b (g/mg) �4.9596
a (mgg�1.min�1) 2.28
R2 0.4365

Experimental data qe (exp) (mmolg�1) 1.4

Table 6
Kinetic parameters and their correlation coefficients for the adsorption of RR onto ZnO.

Model Equation Value of parameters

Pseudo-First-order kinetic
logðqe � qtÞ ¼ log qe �

�
K1

2:303

�
t

The plot of ln (qe - qt) against t gives a straight line with
the slope -K1 and intercept ln qe

K1 (min�1) 1.31246
qe (mmolg�1) 0.11809
R2 0.92016

Pseudo-second-order kinetic t
qt

¼ 1
K2q2e

þ t
qe

Values of K2 and qe for different initial concentrations of
dye were calculated from the slope and intercept of the
linear plot of t/qt vs. t

K2 (g mg�1 min�1) 0.67807
qe (mmolg�1) 1.32188
R2 0.99975

Intraparticle diffusion qt ¼ Ki t
1 =2 þ X The parameters Kdif and C were determined from the

linear plot of qt vs. t1/2
Ki (mgg�1min1/2) �0.0609
X (mgg�1) 0.48581
R2 0.18906

Elovich
qt ¼ 1

b
lnðabÞþ 1

b
lnt

The constants a and bwere obtained from the slope and
intercept of a line plot of qt vs. ln t

b (g/mg) �4.571
a (mgg�1.min�1) 2.4136
R2 0.34325

Experimental data qe (exp) (mmolg�1) 1.1295

Fig. 17. Modeling of uptake kinetics for AR57 with (a) simplified model of resistance to intraparticle diffusion (Morris and Weber equation), (b) Elovich equation.
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b) ln (ab). The 1/b value the 1/b value reflects the number of sites
available for adsorption whereas the value of (1/b) ln (ab) indicates
the adsorption quantity when ln t equal to zero.

Since neither the pseudo-first-order nor the pseudo-second-
order model can identify the diffusion mechanism, the kinetic
results were further analyzed for diffusion mechanism by using the
intra-particle diffusion model. The effect of intra-particle diffusion
constant (internal surface and pore diffusion) on adsorption can be
determined by the following Eq. (9).



Fig. 18. Modeling of uptake kinetics for RR with (a) simplified model of resistance to intraparticle diffusion (Morris and Weber equation), (b) Elovich equation.
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qt ¼ kidt
1=2 þ I (9)

Upon comparison among the kineticmodels, the R2 values of the
pseudo-second-order kinetic model (0.99975) are much higher
than those of pseudo-first-order kinetic model (0.9202) for AR57
while for RR the R2 values of the pseudo-second-order kinetic
model (0.99956) are much higher than those of pseudo-first-order
kinetic model (0.91946), implying that the kinetics of both of dyes
adsorption follows the pseudo-second-order kinetic model. This
consideration is confirmed by the correlation coefficients and the
qe (calc.) value from the pseudo-second-order kinetic model is in
good agreement with the experimental results. The rate-limiting
step in this adsorption process may be chemisorption involving
strong forces through the sharing or exchanging of electrons be-
tween sorbent and sorbate [18]. The intra-particle diffusion curve
gives multilinearity, it does not pass through the origin. The intra-
particle diffusion kinetic model (R2 ¼ 0.259 and 0.18906) for AR57
and RR, respectively was calculated from the slope of the corre-
sponding second linear region Figs. 17 and 18. It is assumed that the
external resistance to mass transfer surrounding the particles is
significant only in the initial stages of adsorption (initial sharp in-
crease). The second linear portion is the gradual adsorption stage
with controlling intraparticle diffusion. When the plots do not pass
through the origin, indicates that the pore diffusion is not the sole
rate-limiting step but also other kinetic models may control the
rate of adsorption, all of which may be operating simultaneously
[43]. The Elovich equation assumes that the active sites of the
adsorbent are heterogeneous and therefore, exhibit different acti-
vation energies for chemisorption. When increasing the concen-
tration of dye, it was observed that the constant a (related to the
rate of chemisorption) increased and the constant b (related to the
surface coverage) decreased (Tables 5 and 6), which is due to the
decrease in the available adsorption surface for the adsorbates.
Therefore, by increasing the concentration, within the range stud-
ied, the rate of chemisorption can be increased [44].

Therefore, the adsorption kinetics can be satisfactorily approx-
imated by the pseudo-second-order kinetic model, based on the
assumption that the rate-limiting step may be chemisorption
involving electrostatic forces through the sharing or exchange of
electrons between the adsorbent and the adsorbate.
The adsorptionmechanism can be explained by the electrostatic
interactions between the negatively charged dye ion and the pos-
itive charged sites on the ZnO nanoparticles surface. AR57 and RR
are anionic dyes which contains one sulfonic acid group (-SO3Na) at
AR57 while (-SO3H) at RR. (In aqueous solution the dye dissociates
to the hydrogen ions (Hþ) and the sulfonate anion (-SO3

�) for RR
while for AR57 dissociates to the hydrogen ions (Naþ) and the
sulfonate anion (-SO3

�). At acidic pH, the sulfonic groups can be
protonated to the neutral form (-SO3H) however, sulfonic groups
exhibit negative charge even at higher acidic solutions, due to their
pKa values lower than zero. The mechanism study shows that the
existence of Zn2þ exposed on the surface of ZnO nanoparticles plays
an important role in high adsorption of both AR57 and RR and the
ionic bonding between Zn2þ and (-SO3

�). Thus, when the pH of the
dye solution decreases, the number of negatively charged sites on
FIF decreases and the number of positively charged sites increases
which favor the adsorption of negatively charged dye ions because
of the electrostatic force of attraction. Therefore, the adsorption
capacity of AR57 and RR onto ZnO surface is more favorable at
lower pH.
3.3. Thermodynamic parameters

Experiments were carried out at pH 2 and 1.22 � 10�3 M con-
centration for AR57, and at pH 3 and 1.06 � 10�3 M concentration
for RR, adsorbent dosage of 0.02 g in the temperature range of
20e45 �C. The adsorption capacity increased with increases the
temperature. This means that this process was endothermic. This
could be ascribed to strong of adsorption forces between the active
sites of the adsorbent and adsorbate [34].

It is important to investigate the effect of temperature on
adsorption in a view of practical application. The adsorption ex-
periments were carried out at pH 2 and 1.22 � 10�3 M concentra-
tion for AR57, and at pH 3 and 1.06 � 10�3 M concentration for RR,
adsorbent dosage of 0.02 g in the temperature range of 20e45 �C.
The adsorption capacity slightly increases from 1.06 to
1.22 mmol g�1 for AR57 and from 1.29 to 1.3 mmol g�1 for RR with
the increase in the temperature from 20 to 45 �C. This behavior
confirms that the adsorption process of AR57 and RR onto ZnO
nanoparticles is endothermic. This observation can be attributed to



Fig. 20. Van’t Hoff plots for RR adsorption onto the ZnO nanoparticles at (450 �C)
adsorbent.
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increasing of the mobility of the dye molecules and rate of diffusion
of adsorbate molecules across the surface of adsorbent with
increasing temperature, which leads to an increase in the adsorp-
tion capacity.

The pseudo-second-order rate constant of tested dye adsorption
[45] is expressed as a function of temperature by the following
Arrhenius type relationship Eq. (10):

lnk2 ¼ lnA� Ea=RT (10)

The adsorption equilibrium constant, Kc was determined Eq.
(11) and used with the Van’t Hoff equation (Eq. (12)) and conven-
tional thermodynamic equation (Eq. (13)) for evaluating the ther-
modynamic constants of the sorbents (i.e., the standard enthalpy
change, DHo, the standard free Gibbs energy, DGo, and the standard
entropy change, DSo).

Kc ¼ qe
Ce

(11)

where qe and Ce are equilibrium concentrations of AR57 and RR on
the adsorbent and in the solution, respectively.

DG+ ¼ � RT lnKc (12)

DG+ ¼DH+ � TDS+ (13)

Therefore the Van’t Hoff equation (Eq. (14)) becomes:

ln KC ¼ �DH+

RT
þ DS+

R
(14)

The value of standard enthalpy change (DHo) and standard en-
tropy change (DSo) for the adsorption process are thus determined
from the slope and intercept of the plot of lnKc vs. 1/T. (Figs. 19 and
20). The values of thermodynamic parameters are reported in
Table 7. The positive value of DHo confirms the endothermic nature
of adsorption process. The negative values of DGo indicate that the
Fig. 19. Van’t Hoff plots for AR57 adsorption onto the ZnO nanoparticles at (450 �C)
adsorbent.
adsorption reaction is spontaneous. The increase in the negativity
of DGo with increasing temperature confirms that the “favorability”
increases with temperature [46,47].

3.4. Effect of ionic strength (addition of NaCl)

The effect of chloride ions on Acid Red 57 and Remazol Red
removal was examined, by addition of increasing concentrations of
NaCl (from 10 to 40 g L�1; C0: 1.22� 10�3M; sorbent dosage: 0.02 g,
25 mL) for AR57 while for RR (C0: 1.06 � 10�3 M; sorbent dosage:
0.02 g, 25 mL). For the studied adsorbents increasing the amount of
NaCl slightly decreases the sorption capacity: the sorption capacity
decreases by about 20%, when NaCl concentration reaches 20 g L�1.
This is probably due to the competitor effect of chloride anions
against AR57 and RR anions for interaction with the sorption sites
[48]. It is noteworthy, that when even NaCl concentration reaches
40 gL�1 the reduction in the adsorption capacity deceases by 1.5%,
this indicates that even under these drastic conditions a high
adsorption capacity is maintained Figs. 21 and 22.

3.5. Desorption studies

The regeneration ability and stability of the adsorbent are two
significant factors influencing the practical application of the
adsorbent. We have now compared the adsorption capacity of ZnO
for three-consecutive adsorption-desorption cycles. The investi-
gated sorbent ZnO was washed with ethanol several times till
colorless and thenwith distilledwater. The colorless product of ZnO
was dried at 60 �C for 24 h to a constant weight. After regeneration
the adsorbent ready for the second run of uptake [49]. The regen-
eration efficiency for each adsorption/desorption cycle was found
to be 97.6, 92.5, 68.6% and 98.7, 94.2, 66.4% for AR57 and RR,
respectively. This can be due to blocking of adsorption sites of ZnO.
We have also characterized by XRD of the ZnO material after three
cycle test and found that the crystallinity and structure remain
intact (Fig. 23). This result shows that the ZnO nanoparticles are



Table 7
Standard enthalpy, entropy and free energy changes for AR57 and RR adsorption on ZnO nanoparticles.

Dye DHo (kJ mol�1) DSo (J mol�1 K�1) T0 (K) DGo (kJ mol�1)

293 298 303 308 318

AR57 17.30 65.92 262.49 �2.01 �2.34 �2.67 �2.99 �3.65
RR 27.599 123.55 223.39 �8.6 �9.22 �9.84 �10.45 �11.1

Fig. 21. Influence of NaCl on AR57 adsorption onto the ZnO nanoparticles at 450 �C
adsorbent. (C0: 1.2 � 10�3 M; initial pH 2; T: 25 �C; sorbent dosage: 0.02 g, 25 mL).

Fig. 22. Influence of NaCl on RR adsorption onto the ZnO at 450 �C adsorbent. (C0:
1 � 10�3 M; initial pH 3; T: 25 �C; sorbent dosage: 0.02 g, 25 mL).

Fig. 23. X-ray diffraction spectra of ZnO nanoparticles at 450 �C and regenerated ZnO.
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having good reusability characteristic [50].
The efficiency of regeneration was calculated using the

following equation:

Regeneration efficiency ð%Þ ¼
Total adsorption capacity in the second run
Total adsorption capacity in the first run

� 100
�

(15

4. Conclusions

The adsorption activity of ZnO nanoparticles was examined for
dye solutions such as AR57 and RR. ZnO sample was synthesized by
calcination of ZIF-8 at different temperature 450, 550 and 650 �C.
The calcination temperature effect on the particle size of synthe-
sized ZnO nanoparticles were characterized by different tech-
niques, for example FTIR, XRD, SEM and EDX measurements. The
adsorption of AR57 and RR were systematically investigated under
various conditions. The adsorption of these anionic dyes was found
to be strongly dependent on pH, temperature and contact time.
Maximum removal could be achieved at pH 2 and 3 for AR57 and
RR, respectively. The adsorption of these dyes was endothermic as
the dye removal capacity increase with increase the temperature
due to increase of mobility of dye molecules. The Langmuir
isothermmodel was found to bemost suitable model for describing
the isotherm for adsorption of both AR57 and RR dyes on ZnO
sorbent. In addition, the qm calculated from Langmuir isothermwas
close to the experimental qmax. The pseudo-second-order kinetic
model agrees very well with the dynamic behavior for the
adsorption of AR57 and RR onto ZnO. Also study the effect of
temperature and calculation the free Gibbs energy DGo it have
negative values as the reaction of adsorption for both dyes was
endothermic reaction as the adsorption increase with increase of
temperature, also study the effect of ionic strength on adsorption
process.
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