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ABSTRACT

Batch adsorption experiments were carried out to remove reactive black 8 (RB8) from their
aqueous solutions using zinc oxide nanoparticles (ZnONPs). The various affecting parame-
ters such as solution pH, contact time, initial dye concentration, and sorbent dosage on the
removal efficiency were studied. The equilibrium adsorption data of RB8 on ZnONPs sur-
face were analyzed by Langmuir and Freundlich isotherms. The adsorption process corre-
lated with Langmuir model better than Freundlich isotherm and the maximum adsorption
capacity was found to be 27.6 mg g−1. The experimental results showed that the pseudo-
second-order kinetic equation could best describe the sorption kinetics.
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1. Introduction

Growth of population and industrial activities in
recent decades cause to enter excessive amount of pol-
lutants to water resources. Among the different types of
water pollutants, dyes should be noted as they are
extensively used in different industries such as textiles,
paper, plastics, leather, food, and cosmetics. The dis-
charge of dyes into wastewaters from coloring indus-
tries (particularly the textile industry) is one of the
major environmental problems, because it does not
only damage the aesthetic natures of the contaminated
water, but also disturbs aquatic communities present in
the ecosystem by obstructing light penetration and oxy-
gen transfer into water bodies [1]. In addition, some
dyes may be degraded into the compounds, having

toxic, mutagenic, and carcinogenic effects on living
organisms [2,3]. Therefore, the removal of dyes from
industrial wastewaters before being discharged into
aquatic systems and environment is very important
from health and environmental viewpoints.

Reactive dyes are typically azo-based chromoph-
ores combined with different types of reactive groups,
e.g. vinyl sulfone, trichloropyrimidine, difluorochloro-
pyrimidine, chlorotriazine, etc. Due to excellent color
fastness, bright color, and ease of application, reactive
dyes are extensively used in textile industries for dye-
ing of wool, cotton, nylon, silk, and modified acrylics.

Various physiochemical and biological methods
have been developed to treat the dye-containing
wastewater [4–12]. However, the chemical and biologi-
cal stability of the dyestuffs to conventional water
treatment make the adsorption technique as an effi-
cient method and more preferable to remove the dyes*Corresponding author.
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from effluents. Several synthetic and natural materials
such as clay, activated carbon, polymers, zeolite, and
agricultural waste have been developed as adsorbents
for treatment of the contaminated waters [13–17]. Acti-
vated carbon is one of the most common used adsor-
bent for water treatment; however, the high cost
preparation restricts its extensive applicability [18].
Therefore, researchers have been looking to replace
cheaper adsorbents for the activated carbon, providing
more efficient results besides the low-cost operation.
In recent years, nanostructured materials have
attracted extensive attention for adsorption processes
because of their high surface area, providing fast
kinetics and more efficiency in comparison with the
bulk counterparts [19–25].

Zinc oxide (ZnO) is a representative of the metal
oxide class which has received considerable attention
owing to many of its attractive features such as high
photocatalytic activity, the wide band gap of 3.17 eV,
nontoxicity, and cost-effective production [26]. At
nanoscale, ZnO exhibits electronic, optoelectronic, cat-
alytic, and adsorptive properties. Nanostructures of
ZnO are extensively used in optoelectronics, sensors,
transducers, cosmetics ingredients, as well as in medi-
cine like dental filling materials, drug carriers, and
biosensors [27,28]. ZnO nanostructures have also
shown to be nontoxic and biocompatible, suggesting
their potential utility in environmental and biological
applications [29–31]. Many literatures have used nano-
ZnO for the remediation of pollutants in the environ-
ment [32–35]. However, most of these researches have
been focused on the photocatalytic activity of ZnO
and its adsorptive affinity towards various pollutants
has been rarely investigated.

In this study, the cauliflower-like ZnO nanoparti-
cles (ZnONPs) have been prepared through a facile
precipitation method and used as adsorbent for the
reactive black 8 (RB8) removal from aqueous solu-
tions. RB8, an anionic dye, was selected as a model
pollutant to investigate the adsorptive properties of
the prepared ZnONPs. The affecting parameters such
as the initial dye concentration, dye solution pH,
adsorbent dosage, and contact time on the adsorption
efficiency was investigated. Reaction kinetics and
adsorption isotherms were also studied.

2. Experimental

2.1. Materials and equipment

RB8 (Chemical formula: C19H11ClN8Na2O10S2,
M.W: 656.9 g mol−1) dye was purchased from the Dye-
Star Co. (Germany) and used without further purifica-
tion. Chemical structure of RB8 is presented in Fig. 1.
Conventional ZnO powder (approximately 20 μm) was

purchased from Loba Chemie Co. (India). All other
reagents and chemicals were of analytical grade and
used as received. Double-distilled water was used
throughout the experiments for solutions preparation.
Stock solution of dye (1,000 mg L−1) was prepared by
dissolving an accurately weighed quantity of RB8 in
double-distilled water. All of the working solutions
were prepared by stepwise dilution of the stock solu-
tion with double-distilled water. To adjust the pH of
the solutions, NaOH or HCl (0.10 mol L−1) solutions
were used.

The prepared ZnONPs were characterized by
X-ray diffractometer (XRD; Philips, PW1800) using Cu
Kα radiation (λ = 0.15418 nm, 40 kV, 30 mA), scanning
electron microscopy (SEM, Philips XLS30 model), and
transmission electron microscopy (TEM, Philips
EM208S model). A double-beam UV–vis spectropho-
tometer (Shimadzu, UV-1601, Japan) with a 1 cm cell
was used for measuring the absorption. A Metrohm
pH meter (model 827) with a combined glass electrode
was used for measuring the pH of solutions. A mag-
netic stirrer (Heidolph model MR 3001 K) was used
for mixing the adsorbent and dye solutions.

2.2. Preparation and characterization of ZnONPs

ZnONPs were prepared from conventional ZnO by
precipitation method [36] and used as adsorbent
through the adsorption experiments. Briefly, 24 g
(0.3 mol) of conventional ZnO powder was added into
100 mL NH4HCO3 aqueous solution (48% w/v) under
vigorous stirring at 60˚C in two stages: first, 16 g of
ZnO was added to the prepared NH4HCO3 solution
until dissolution was completed (180 min); second, 8 g
of ZnO powder and 2 g of CS(NH2)2 were sequentially
added into the above solution and the mixture was
stirred for 2 h at the same temperature. Finally, the
resulting slurry was dried at room temperature for
24 h, and then was calcinated at 350˚C for 1 h.

The phase, purity, and the crystallite diameter of the
ZnONPs were determined by XRD pattern. The average
crystallite size of the ZnO sample was calculated from
the diffraction peaks using the Scherrer formula [37]:
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Fig. 1. Chemical structure of RB8.
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Dc ¼ kk
b1

2
cos h

(1)

where Dc is the crystallite diameter, K is the Scherrer
constant (0.89), λ is the X-ray wavelength
(0.15418 nm), β½ is the full width at half-maximum
intensity of the diffraction peak, and θ is the diffrac-
tion angle of the peak.

As shown in Fig. 2, the diffraction peaks appeared
at 2θ = 31.8˚, 34.4˚, 36.3˚, 47.60˚, 56.6˚, 62.8˚, 67.9˚, and
69.1˚ are in consistent with the characteristic peaks of
the hexagonal wurtzite structure of ZnO (JCPDS card
36-1451). No additional feature related to impurity
phase was seen. The average crystallite size, estimated
using Scherrer formula was found to be 10 nm. Fig. 3
shows the TEM image of the synthesized ZnONPs,
confirming the formation of ZnO nanoparticles with
an average size about 9 nm. The particles are in the
range of 4–17 nm. Also, the SEM image shows the
cauliflower-shaped particles (Fig. 4).

2.3. Batch adsorption experiments

To investigate the potential of ZnONPs for the
removal of RB8 dye, a certain amount of the adsorbent
was added into 25 mL of the dye solution containing
dye with a certain concentration, and the resulting
suspension was magnetically stirred (150 rpm) at
room temperature (25˚C ± 1). After appropriate time,
the adsorbent was removed by filtration and the fil-
trates were analyzed for the residual concentration of
RB8 dye. The concentration of dye in the solution was
determined from the calibration curve prepared by
measuring different predetermined concentrations of
RB8 solutions at a wavelength corresponding to maxi-
mum absorbance of RB8 (λmax= 332 nm) using UV–vis
spectrophotometer. The adsorption percent (removal
efficiency, R) and adsorption capacity (qe) were calcu-
lated using Eqs. (2) and (3), respectively: R ¼ C0 � Ct

C0
� 100 (2)

qe ¼ ðC0 � CeÞ � V

m
(3)

where C0 is the initial concentration (mg L−1) of dye
and Ct is the concentration of dye after a certain per-
iod of time (mg L−1); qe is the adsorption capacity
(mg g−1); V is the volume of RB8 solution (L); and m
is the mass of ZnONPs (g).

To determine the maximum amount of adsorption
capacity, the impact of various affecting parameters
on removal efficiency of the dye by the adsorbent was
studied. For this purpose, one parameter was changed
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Fig. 2. The XRD pattern of the prepared ZnONPs.

Fig. 3. The TEM image of the prepared ZnONPs.

Fig. 4. The SEM image of the prepared ZnONPs.
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while the other conditions were kept constant. There-
fore, the effect of the initial solution pH (3–9), the
adsorbent dosage (0.01–0.4 g), initial dye concentration
(10–500 mg L−1), and contact time (5–120 min) were
studied at room temperature (25˚C). In all experi-
ments, the concentration of dye before and after expo-
sure to the adsorbent was calculated using the
calibration curve. Also, percentage of the dye removal
(R) and adsorption capacity (qe) were calculated using
Eqs. (2) and (3), respectively. The adsorption kinetics
and adsorption isotherms were also performed using
a thermostatic bath at constant temperature of 25˚C
(± 0.5). To study the adsorption kinetics of RB8 onto
ZnONPs, 0.20 g of the adsorbent was added into
25 mL of 75 mg L−1 RB8 solutions, and the suspen-
sions were agitated for different times. The suspen-
sions were then filtrated and the dye concentration in
each supernatant solution was determined. Adsorp-
tion isotherm studies were also conducted by mixing
0.2 g of ZnONPs with 25 mL of the dye solutions of
different concentrations varying from 10 to 500 mg L−1

(pH 8) for 60 min of agitation time. The suspensions
were filtrated and the residual dye concentration in
each supernatant solution was determined using
UV–vis spectrophotometer. To ensure the repeatability
of the results, all experiments were carried out in trip-
licate and the mean values are presented.

3. Results and discussion

3.1. Effect of the initial pH on the removal efficiency

The effect of the initial pH of the dye solution on
the adsorption of RB8 by ZnONPs was evaluated at
different solution pHs, ranging from 3 to 9. As shown
in Fig. 5, the maximum of the dye removal occurred
at pH ~8, and there are no significant changes in the
removal efficiency beyond this pH. The effect of pH
on the adsorption of RB8 on ZnONPs surface can be
mainly explained in terms of electrostatic interactions
between the adsorbent surface and the anionic dye
species. As it is reported [38], the pH of zero point
charge (pHZPC) of nanosized ZnO particles is around
9, and hence the predominant charge on the ZnONPs
surfaces is positive at pHs < 9. Since RB8 has sulfonyl
(–SO3) groups in its structure, it can be easily
adsorbed onto the ZnO surface (positively charged)
through the negative sulfonyl groups (at pHs < 9). In
addition, in alkaline solutions, deprotonation of
hydroxyl groups of phenolic rings in the RB8 molecule
can lead to form the anionic phenoxide groups which
can be adsorbed onto the ZnONPs surface. Thus, the
more adsorption of RB8 at pH 8 may be attributed to
the formation of negative phenoxide groups. On the

other hand, the lower adsorption of the dye at more
alkaline pH, may be due to the presence of excess
OH− ions that compete with anionic dye molecules for
the adsorption sites of adsorbent.

However, the observation of an efficient adsorption
at pH 9 as well as other ranges of pHs, suggests that
in addition to ionic electrostatic attractions, other
adsorption mechanism such as hydrogen bonding
may be involved. ZnONPs has no net charge on its
surface at pH 9 (the isoelectric point of ZnO); thus,
the adsorption process is probably governed by
hydrogen bonding occurring between ZnONPs and
the amino (or hydroxyl) groups of the RB8 molecule.
Such interactions are also expected to take place at all
ranges of pH solutions. A similar behavior has been
reported for the removal of congo red and methyl
orange by ZnO [32,39].

3.2. The effect of contact time on the removal efficiency

The effect of contact time on the absorption effi-
ciency of RB8 by ZnONPs are presented in Fig. 6. As
it can be seen, the adsorption rate was initially high
and gradually decreased, and after 60 min, the
removal efficiency did not change significantly. This
behavior indicates that the kinetics of dye adsorption
onto the adsorbent is relatively fast, and about 60% of
the dye is removed within the first 5 min of contact
time. The high rate of dye absorption in the beginning
and its gradual decrease indicates that there are cer-
tain sites on the adsorbent surface. The free sites on
the adsorbent surface are decreased as the adsorption
of the dye molecules are increased; therefore, there are
no empty sites for the adsorption of the remaining
dye molecules in solution. Based on the results, a
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Fig. 5. Effect of pH on the removal efficiency of RB8 by
ZnONPs.
Note: Adsorbent dosage: 0.05 g; initial dye concentration:
75 mg L−1; and contact time: 15 min.
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contact time of 60 min would be the optimum time for
contacting the adsorbent with the dye solution.

3.3. Effect of adsorbent dose on the dye removal efficiency

The influence of the adsorbent dosage on the
removal of RB8 by ZnONPs was studied by treating
different dosages of adsorbent (0.01–0.4 g) with 25 mL
of RB8 (75 mg L−1) solutions at the optimal pH (pH 8)
and time (60 min). As it is clear in Fig. 7, the removal
percentage of dye increased with the increase in the
adsorbent mass and reached the maximum value with
0.2 g of the adsorbent. No significant change was
observed with further increase in the adsorbent

dosages. Thus, 0.2 g of adsorbent was found as
optimum dosage. The increase in the dye removal
with the adsorbent mass can be related to the rise in
the number of adsorption sites.

3.4. Adsorption kinetics

To investigate the mechanism of adsorption pro-
cess of RB8 on the ZnONPs surface, the data obtained
from adsorption kinetic experiments were analyzed
using pseudo-first-order (Lagergren model) and
pseudo-second-order kinetic models [40,41], which are
expressed by Eqs. (4) and (5), respectively:

qt ¼ qe½1� expð�k1tÞ� (4)

qt ¼ ðk2:q2e :tÞ
ð1þ qe:k2:tÞ (5)
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Fig. 6. Effect of contact time on the removal efficiency of
RB8 by ZnONPs.
Note: Adsorbent dosage: 0.05 g; initial dye concentration:
75 mg L−1; and pH 8.
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Fig. 7. Effect of adsorbent dosage on the removal of RB8
by ZnONPs.
Note: Initial dye concentration; 75 mg L−1; contact time
60 min, and pH 8.
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Fig. 8. Pseudo-first-order (a) and pseudo-second-order
(b) kinetic plots of RB8 adsorption onto ZnONPs.
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where k1 (min−1) and k2 (g mg −1 min−1) are the
pseudo-first-order and pseudo-second-order rate con-
stants, respectively, qe and qt (mg g−1) are the amounts
of dye adsorbed at equilibrium and at any time t
(min), respectively. For boundary conditions of qt= 0
at t = 0 and qt = qe at t = te, the linear form of the
pseudo-first-order equation is expressed as follows:

lnðqe � qtÞ ¼ ln qe � k1t (6)

The k1 and qe values can be determined from the slope
and intercept of plot ln (qe−qt) vs. ln qe, respectively.
The linear form of the pseudo-second-order kinetic
model is represented as:

t

qt
¼ 1

k2q2e
þ t

qe
(7)

The intercept and slope of plot t/q vs. t should give
the values of k2 and qe, respectively. As shown in
Fig. 8, the experimental data fitted to the pseudo-
second-order rate better than the pseudo-first-order
model. The correlation coefficient (R2) and the kinetic
parameters of the selected kinetic models are listed in
Table 1. Good agreement between the experimental qe
(qe,exp) and the calculated qe (qe,cal) values as well as
the correlation coefficient (R2 = 0.997) of the pseudo-
second-order model, indicating that the adsorption of
RB8 onto the ZnONPs can be described by the
pseudo-second-order model more appropriately than
the pseudo-first-order kinetics. The good agreement
between the experimental and calculated data using
Eq. (7) demonstrates that the adsorption mechanism
depends on the adsorbent and adsorbate, and the rate-
limiting step may be chemisorption on a homogenous
surface.

3.5. Adsorption isotherms

The adsorption density of the RB8 dye on the
ZnONPs surface against the equilibrium concentration
of the dye at 25˚C is presented in Fig. 9. The equilib-
rium adsorption data of RB8 on the ZnONPs surface

were analyzed using Langmuir and Freundlich iso-
therms [42,43]. The Langmuir model assumes mono-
layer adsorption on a uniform surface with a finite
number of adsorption sites, while the Freundlich iso-
therm is applicable to both monolayer (chemisorption)
and multilayer adsorption (physisorption), and suit-
able for nonideal sorption on the heterogeneous sur-
face. The Langmuir and Freundlich isotherms are
expressed by Eqs. (8) and (9), respectively:

Ce

qe
¼ 1

KLqm
þ Ce

qm
(8)

ln qe ¼ 1

n
lnCe þ lnKf (9)

where qm is the monolayer adsorption capacity
(mg g−1), KL is the Langmuir adsorption constant
which is related to the affinity of the dye molecules
for the binding sites (L mg−1) of adsorbent, Kf

(mg (1−1/n) L1/n g−1), and n parameters are the Freund-
lich adsorption constants which refer to adsorption
capacity and adsorption intensity, respectively. The
adsorption parameters of the Langmuir and Freund-
lich isotherms, were determined from the plots of
Ce/qe vs. Ce and ln qe vs. ln Ce, respectively.

Table 1
Pseudo-second-order kinetic parameters of RB8 adsorption onto ZnONPs

Pseudo-first-order parameters Pseudo-second-order parameters

qe (exp) (mg g−1) k1 (min−1) qe.(cal) (mg g−1) R2 k2 (g mg−1 min−1) qe (cal) (mg g−1) R2

30 0.0215 7.26 0.883 0.0078 31 0.997
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Fig. 9. Adsorption isotherm of RB8 onto ZnONPs at 25˚C.
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The obtained results are reported in Table 2. The higher
correlation coefficient (R2) of the Langmuir model indi-
cates that the adsorption process followed the
Langmuir model better than the Freundlich isotherm.
These results suggest the monolayer adsorption of the
RB8 dye on the homogeneous of the ZnONPs surface.

The adsorption process of RB8 onto ZnONPs was
also evaluated by Vermeulen criteria associated with
the Langmuir isotherm [44,45]. The Vermeulen criteria
can be expressed in terms of a dimensionless constant,
RL, called the separation factor that is given by:

RL ¼ 1

1þ KLC0
(10)

where KL (L mg−1) signifies the Langmuir constant
and C0 is the highest initial dye concentration in solu-
tion (mg L−1). The value of RL indicates the adsorption
process is unfavorable (RL> 1), linear (RL= 1), favor-
able (0 <RL< 1), or irreversible (RL= 0). As shown in
Table 2, the calculated value of RL lie between 0 and 1
(0.010) which indicates that the adsorption of RB8 on
ZnONPs surface is favorable.

4. Conclusion

The potential use of ZnO nanoparticles, prepared
by a facile and low-cost process, for the removal of
RB8 from aqueous solutions was investigated. The
results showed that the maximum percentage of the
dye removal occurred at pH 8 and contact time of
60 min. The kinetic data fitted very well to pseudo-
second-order kinetic model. The experimental data
were analyzed using Langmuir and Freundlich iso-
therm models, and the Langmuir model provided the
best fit. Therefore, ZnO nanoparticles can be suggested
as a biocompatible adsorbent for the removal of RB8
from aqueous solutions, especially textile effluents.
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