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ABSTRACT

Adsorption of reactive blue 19 (RB19) dye onto NiO nanoparticles was investigated at
various NiO dosages, dye concentrations, solution pHs, contact times, and temperatures in
a batch system. Analysis of the adsorption data indicated that the adsorption process
follows the pseudo-second-order kinetics and the adsorption equilibrium data fit to
Langmuir–Freundlich (Sips) isotherm better than the Freundlich and Langmuir isotherm
models. Evaluation of the thermodynamic parameters (ΔG˚, ΔH˚, and ΔS˚) revealed that the
adsorption process is spontaneous, endothermic, and feasible. This study suggested NiO
nanoparticles as effective adsorbents for removing RB19 from polluted water.
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1. Introduction

The discharge of dyes into wastewaters from
coloring industries (particularly the textile industry) is
one of the major environmental problems, because not
only does it damage the esthetic nature of the contam-
inated water, but also causes inhibitory effect on pho-
tosynthesis activity in aquatic systems. In addition,
some dyes may degrade into the compounds, causing
toxic, mutagenic, and carcinogenic effects on living
organisms [1,2]. Therefore, from health and environ-
mental viewpoints, it is very important to remove the
dyes from industrial effluents, before being released to
the environment.

Various physicochemical and biological methods
have been developed to treat the dye-containing
wastewater, including ion-exchange [3], coagulation/
flocculation [4,5], ozonation [6], electrochemical/

chemical oxidation [7,8], photocatalysis [9], membrane
filtration [10], adsorption [11,12], and microbial
biodegradation [13]. However, most of the dyes used
in the textile industry are difficult to be removed by
conventional physicochemical and biological treatment
methods, since they are stable against the light and
oxidizing agents and resist biodegradation [14]. There-
fore, the adsorption process becomes one of the effi-
cient methods to remove these dyes from effluent.
Several synthetic and natural materials such as clay,
activated carbon, polymers, zeolite, and agricultural
waste have been developed as adsorbents for water
treatment [11,15–18]. Among these materials, although
activated carbon is one of the most commonly used
adsorbent for water treatment, it suffers from some
drawbacks such as high cost of operation, slow
adsorption kinetics, and low adsorption capacity of
bulky adsorbates which restrict its application to
remove dyes [19,20]. Hence, it is very important to
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exploit new adsorbents with high adsorption capacity
as well as low cost. In recent years, nano-structured
materials have attracted extensive attention for
adsorption processes because of their high surface
area, providing fast kinetics and high adsorption
capacity [21–26].

NiO is an important transition metal oxide which
has received considerable attention because of its
extensive applications in catalysts, supercapacitors,
lithium-ion batteries, gas-sensors, electrochromic films,
and magnetic materials. Moreover, it is a p-type semi-
conductor with a wide band gap (3.5 eV) which can
be used for photocatalytical processes [27]. Many liter-
atures have reported the synthesis of NiO with differ-
ent morphologies and evaluated their potential
applications in various fields [28]. For example, NiO
nanoparticles were reported for the photocatalytic
degradation of organic pollutants such as chlorinated
phenols and crystal violet [29]. As an adsorbent in
water treatment, Chen et al. [30] synthesized porous
NiO nanosheets and nanoparticles by a chemical pre-
cipitation method that exhibited excellent performance
for the removal of congo red. Song, et al. [31] utilized
NiO (111) nanosheets for the removal of reactive bril-
liant red X-3B, congo red, and fuchsin acid which
exhibited desirable properties in water treatment. Zhu
et al. [32] synthesized hierarchical NiO spheres by a
thermal method and demonstrated their high adsorp-
tion capacities for removal of organic dyes from
wastewater. Zhang et al. [33] have reported the hierar-
chical NiO hollow microsphere synthesis with high
adsorption affinity toward congo red in water. More
recently, Ai and Zeng [34] have prepared hierarchical
porous NiO architectures via a facile additive-free
solovothermal route which were found to be efficient
adsorbents for removing dye from aqueous solutions.

Reactive blue 19 is an anthraquinone-based vinyl-
sulphone dye, extensively used in dyeing of cellulosic
fibers. Anthraquinone-based dyes are very resistant to
chemical and biological degradation due to their aro-
matic anthraquinone structure which is highly stabi-
lized by resonance [35]. Thus, they can persist for a
long time in wastewater and pose serious environ-
mental problems. Regarding the chemical stability and
low biodegradability of RB19, its removal from dyeing
effluents and wastewater by a physical method such
as adsorption becomes very important to decrease its
impact on the environment.

In this study, attempt has been made to explore
the application of NiO nanoparticles for removal of
RB19 dye from aqueous solutions. The advantages
of the NiO nanoparticles are low-cost and simplicity
of preparation. The effects of various experimental
parameters, including dye solution pH, initial dye

concentrations, adsorbent dosage, and contact time on
the adsorption process were studied and optimized.
The adsorption isotherms and kinetic studies were
also conducted to clarify the adsorption process.

2. Experimental

2.1. Materials and equipment

Reactive blue 19 (RB19) was purchased from the
DyeStar Co. (Germany) and used without further
purification. The main properties of RB19 were sum-
marized in Table 1. NiO powder obtained from Loba
Chemie Co. (India). All other reagents and chemicals
were analytical grade and used as received. Deionized
water was used throughout the experiments for all
solution preparations. Stock solution of dye
(1,000 mg L−1) was prepared by dissolving an accu-
rately weighed quantity of RB19 in deionized water.
All of the working solutions were prepared by step-
wise diluting of the stock solution with deionized
water. To adjust the pH of the solutions, NaOH or
HCl (0.10 mol L−1) solutions were used.

A double beam UV–vis spectrophotometer
(Shimadzu, UV-1600, Japan) with a 1 cm cell was used
for measuring the absorbance. A Metrohm pH meter
(827 model) with a combined glass electrode was used
for measuring the solution pHs. The prepared
nano-NiO was characterized by X-ray diffractometer
(XRD; Philips, PW1800) using Cu-Kα radiation
(λ = 0.15418 nm, 40 kV, 30 mA), transmission electron
microscope (TEM, Philips EM208S model), and scan-
ning electron microscope (SEM) using a Philips XLS30
model. Specific surface area and porosity analysis for
the prepared NiO nanoparticles were performed
through measuring Brunauer–Emmett–Teller (BET)
nitrogen adsorption–desorption isotherms at 77 K with
a Belsorp mini II (Japan) apparatus. A magnetic stirrer
(Heidolph model MR 3001 K) was used for mixing the
adsorbent and the dye solutions.

2.2. Preparation of NiO nanoparticles

Nickel oxide nanoparticles were prepared using
the procedure as described previously [36]. Briefly,
2.1 g of commercial NiO powder (surface area
7 m2 g−1, particle size 12 μm) was added into 6.0 mL
NH4HCO3 aqueous solution (40% w/v) under vigor-
ous stirring at 60˚C in two steps: (a) 0.7 g of NiO was
added to the prepared NH4HCO3 solution until disso-
lution being completed, (b) the rest of NiO (1.4 g) and
0.04 g of CO(NH2)2 was sequentially added into the
above solution and the mixture was stirred for another
2 h. Finally, the green-black precipitate was dried at
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60˚C for 24 h, and calcinated at 400˚C for 1 h to
prepare the nano-sized NiO. The NiO nanoparticles
with average particle size of 20 nm were used as an
adsorbent.

2.3. Adsorption experiments

Batch adsorption studies were conducted by
adding a known amount of adsorbent into 250 mL
Erlenmeyer flasks containing 50 mL of the dye solu-
tion. The prepared suspension was immediately
placed on a magnetic stirrer (120 rpm) at room tem-
perature for a predefined time. After appropriate time,
the adsorbent was removed by filtration and the fil-
trates were analyzed for the residual concentration of
RB19 dye. The concentration of the dye in solution
was determined from the calibration curve prepared
by measuring different predetermined concentrations
of RB19 solutions at a wavelength corresponding to
maximum absorbance of the dye (λmax = 592 nm) using
UV–vis spectrophotometer. The adsorption percent,
i.e. the dye removal efficiency (R) was calculated
using the following equation (Eq. (1)):

R ð%Þ ¼ C0 � Ct

C0
� 100 (1)

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). To check the possible adsorption
of RB19 by filtration, a control dye solution (in the
absence of NiO nanoparticles) was passed through
the filter paper in parallel with each experiment under

the same conditions. In general, the percentage of dye
adsorption by filtration was lower than <3%.

The adsorption kinetics and adsorption isotherm
were performed using a thermostatic bath at constant
temperature (25˚C ± 0.5) and at natural pH of the dye
solution (pH ~ 6.5). To study the adsorption kinetics
of RB19 onto NiO nanoparticles, 0.11 g of NiO
nanoparticles adsorbent was added into 50 mL of
75 mg L−1 RB19 solutions and the suspensions were
agitated for different times. The suspensions were
then filtrated and the dye concentration in each super-
natant solution was determined. Adsorption isotherm
studies were conducted by mixing 0.11 g of NiO
nanoparticles with 50 mL of the dye solutions of dif-
ferent concentrations varying from 25 to 500 mg L−1

for 60 min of agitation time at 25, 35, and 45˚C. After
that, the suspensions were filtrated and the dye con-
centration in each supernatant solution was deter-
mined using UV–vis spectrophotometer. The amount
of RB19 adsorbed per unit mass of NiO nanoparticles
adsorbent at equilibrium was calculated from the fol-
lowing equation:

qe ¼ ðC0 � CeÞ � V

m
(2)

where qe is the adsorption capacity (mg g−1); C0 and
Ce are the initial and equilibrium concentrations of
RB19 (mg L−1); V is the volume of RB19 solution (L),
and m is the mass of NiO nanoparticles adsorbent (g).
The influence of filtration on the dye adsorption was
compensated by a control dye solution used in parallel
with each experiment. For this purpose, a dye solution

Table 1
The main properties of RB 19

Commercial name Remazol Brilliant Blue R
Chemical formula C22H16O11N2S3Na2
Class Anthraquinone
Chemical index (C.I.) number 61,200
Molecular weight (g mol–1) 626.5
λmax (nm) 592
Chemical structure

HN

NH2

SO3Na

SO2CH2CH2OSO3NaO

O
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(in the absence of adsorbent) was passed through the
filter paper and its concentration after filtration was
used for calculation of qe (or R %). All experiments
were carried out in triplicate and the mean values
were presented. The maximum RSD (relative standard
deviation) was less than 4%.

3. Results and discussion

3.1. Characterization of NiO nanoparticles

The XRD spectrum, TEM, and SEM images were
used to characterize the crystalline phase, size, and
morphology of the prepared NiO nanoparticles. As
shown in Fig. 1, the diffraction peaks appeared at 2θ
of 37.30˚, 43.32˚, 62.88˚, 75.40˚, and 79. 53˚ can be
indexed as (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2) crys-
tal planes of the cubic crystalline structure of NiO
(JCPDS Card No. 04-0835). No characteristic peaks of
impurities are detected, indicating high purity of the
prepared NiO. The crystallite size of the prepared
NiO nanoparticles was calculated using the Scherrer
formula: Dc = Kλ/β1/2 cosθ [37]. Where Dc is the crys-
tallite diameter, K is the Scherrer constant (0.89), λ is
the X-ray wavelength (0.15418 nm), β1/2 is the full
width at half maximum (FWHM) of the diffraction
peak, and θ is the diffraction angle of the peak. The
average crystallite size of the prepared NiO, calculated
from the diffraction peaks (1 1 1), (2 0 0), and (2 2 0),
was found to be about 20 nm. Fig. 2 shows the TEM
image of the NiO nanoparticles. The size of the parti-
cles is typically in the range of 15–30 nm and most of
the nanoparticles have size around 20 nm. These
results confirm the preparation of pure crystalline and
nano-sized NiO. The SEM image (Fig. 3) shows a
quasi spherical morphology of the prepared NiO
nanoparticles. The textural properties of the prepared
NiO nanoparticles were investigated by N2

adsorption/desorption isotherm and corresponding
Barrett−Joyner−Halenda (BJH) pore size distribution
(inset) obtained from the adsorption branch are shown
in Fig. 4. BET surface area and porosity parameters of
the NiO nanoparticles are given in Table 2. This iso-
therm profile can be categorized as type IV hysteresis
loop, indicating the presence of a mesoporous struc-
ture in the sample [38].

3.2. Adsorption of RB 19 by NiO nanoparticles

To obtain the optimal conditions for the removal
of RB19 dye by the prepared NiO nanoparticles, the
effect of various affecting parameters on the removal
efficiency was studied and the results were presented
in the following sections.
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Fig. 1. The XRD pattern of the prepared NiO nanoparticles.

Fig. 2. The TEM image of the prepared NiO nanoparticles.

Fig. 3. The SEM image of the prepared NiO nanoparticles.
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3.2.1. Effect of initial pH of solution

To investigate the effect of initial pH on the RB19
adsorption onto NiO, 0.10 g portions of NiO nanopar-
ticles were treated separately with 50 mL of RB19
solutions of different concentrations (75, 150, and
300 mg L−1) at various pHs ranging from 3 to 12 for
60 min, while the other conditions were kept constant.
As shown in Fig. 5, the removal efficiency of RB19 is
almost constant over the entire range of the experi-
mental pHs and the same trend is seen for the dye
solutions with different concentrations, indicating the
solution pH has no significant influence on the dye
adsorption. Adsorption behavior of RB19 onto NiO
nanoparticles may be related to the presence of hydro-
xyl groups on the surface of metal oxides (such NiO)
and the degree of their protonation/deprotonation. As
it is known [39], the pH of zero point charge (pHZPC)
of NiO particles is around 10.3, and hence the pre-
dominant charge on the NiO surfaces is positive at
pHs < pHZPC. Therefore, at pH < 10.3, the adsorption
of RB19 (an ionic dye) on the NiO surface is mainly
due to ionic electrostatic attractions between the

negative sulfonyl (–SO3) groups of RB19 molecules
(Table 1) and the positively charged sites of the NiO
surface. On the other hand, the efficient adsorption of
RB19 onto NiO nanoparticles at pH > pHZPC suggests
that in addition to ionic electrostatic attractions, other
adsorption mechanisms such as hydrogen bonding
may be involved. The hydrogen bonding can be due
to the interactions of O atoms (–sulfonic and–ketonic
groups) and N–amino groups of the RB19 molecule
with –OH groups on the surface of the NiO nanoparti-
cles. Since the solution pH had negligible effect on the
RB19 adsorption, the next experiments were per-
formed at natural pH of the RB19 solution (without
pH adjustment), i.e. 6.5.

3.2.2. Effect of contact time

The effect of contact time on the removal of RB19
dye was studied by mixing 0.10 g of NiO nanoparti-
cles with 50 mL of RB19 solution (75 mg L−1) at differ-
ent solution pHs and the mixture was stirred for
different periods (5–120 min) of contact time. As
shown in Fig. 6, the rate of adsorption is initially fast
and about 80% of RB19 dye is removed within the
first 5 min of contact time. Obviously, the maximum
adsorption is attained after 60 min of exposure time
and further increase in the contact time has no signifi-
cant effect on the removal efficiency. Hence, a contact
time of 60 min seems to be sufficient to achieve the
equilibrium for the removal of RB19. It should be
noted that the equilibrium time for the adsorption of
RB19 onto NiO adsorbent is extremely shorter than
the reported values for many other adsorbents
[18,40,41]. The time required to achieve adsorption
equilibrium is an important factor to design an
adsorption system from the practical point of view,
because the shorter time amounts to lower operation
cost, and thus it is extensively feasible.

Fig. 4. N2 adsorption/desorption isotherm curve of NiO
nanoparticles and BJH pore size distribution plot (inset).

Table 2
Surface properties of NiO nanoparticles

Properties Values

BET surface area 81.59 m2 g−1

Total pore volume, Vp 0.16 cm3 g−1

Average pore diameter 8.07 nm
BJH average pore diameter, rp 1.64 nm
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Fig. 5. Effect of pH on the removal efficiency of RB19 by
NiO nanoparticles at different initial dye concentrations
(adsorbent dosage = 0.10 g; contact time = 60 min).
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3.2.3. Effect of adsorbent dosage

The influence of adsorbent dosage on the removal
of RB19 dye was studied by treating different dosages
of adsorbent (0.01–0.2 g) with 50 mL of RB19 (75 mg
L−1) solutions for 15 min. As it is obvious (Fig. 7), the
removal percentage of dye increases with the increase
in the adsorbent mass and reaches the maximum value
with 0.11 g of the adsorbent. No significant change is
observed with further increase in the adsorbent
dosages. Thus, 0.11 g of adsorbent is selected as opti-
mum dosage. The increase in the percentage of dye
removal with adsorbent mass can be attributed to the
increase in the adsorbent surface area, augmenting the
number of adsorption sites available for adsorption.

3.2.4. Effect of initial dye concentration

The effect of initial dye concentration on the
removal efficiency of RB19 by NiO nanoparticles is
shown in Fig. 8. It is evident that the adsorption

percentage was decreased with the increase in the
concentration of RB19. This is due to the fact that for a
fixed adsorbent dosage, the total available adsorption
sites are limited. Hence, at lower concentrations, the
number of dye molecules which are available in the
solution is less as compared to the available sites on
the adsorbent and at higher concentrations, the avail-
able sites for adsorption become fewer. Therefore, the
percentage removal of the dye is decreased when its
concentration increases.

3.3. Statistical evaluation of the kinetic and isotherm
parameters

The kinetic and equilibrium models were fitted
using the nonlinear fitting facilities of the software
Microcal Origin 7.0. In addition, the models were eval-
uated by an error function (Ferror) which measures the
differences in the amount of dye uptake by the adsor-
bent predicted by the model and the actual q mea-
sured experimentally. The Ferror is expressed as [42]:

Ferror ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX qi;cal � qi;exp

� �
qi;exp

� �2
1

p� 1

s
(3)

where qi,cal is the value of q predicted by the fitted
model, qi,exp is the value of q measured experimen-
tally, and p is the number of experiments performed.

3.4. Adsorption kinetics

To investigate the mechanism of adsorption pro-
cess, the data obtained from adsorption kinetic experi-
ments were analyzed using pseudo-first-order
(Lagergren model) and pseudo-second-order kinetic
models [43,44], which are expressed as follows:
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Fig. 6. Effect of contact time on the removal efficiency of
RB19 by NiO nanoparticles at different pHs (adsorbent
dosage = 0.10 g; initial dye concentration = 75 mg L−1).
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Fig. 7. Effect of adsorbent dosage on the removal of RB19
by NiO nanoparticles (initial dye concentration = 75 mg L−1;
contact time = 15 min).

Fig. 8. Effect of initial concentration of RB19 on its removal
by NiO nanoparticles (adsorbent dosage = 0.11 g; contact
time = 15 min).
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qt ¼ qe½1� expð�k1tÞ� (4)

qt ¼ ðk2:q2e :tÞ
ð1þ qe:k2:tÞ (5)

where k1 (min−1) is the pseudo-first-order rate constant
and k2 (g mg−1 min−1) is the pseudo- second-order rate
constant, qe and qt (mg g−1) are the amounts of dye
adsorbed at equilibrium and at any time t (min),
respectively.

As shown in Fig. 9, the experimental data well fit
to the pseudo-second-order rate, however, the pseudo-
first-order fitted model does not produce reasonable
results. Accordingly, the kinetic parameters of the
pseudo- second-order fitted model are calculated and
listed in Table 3. The low error function (Ferror) value
and also the high R2 value of the pseudo second-order
model suggest it as a proper kinetic model. It should
be noted that only the analysis of R2 value for the
establishment of a given model is not enough, because
the error function (Ferror) evaluates the differences
associated with each individual point fitted by the
model, in relation to each measured experimental
point. On the other hand, the R2 value measures the
differences associated with each individual point in
relation to the average fitted curve [42,45]. Moreover,
a good agreement between the model fit (qe,cal) and
experimentally observed equilibrium adsorption
capacity (qe,exp) values of the pseudo-second-order
model demonstrates that the adsorption of RB19 onto
the NiO nanoparticles can be described using the
pseudo-second-order rate. These results indicate that
the adsorption mechanism depends on the adsorbent
and adsorbate, and rate-limiting step may be
chemisorption. Similar kinetic model has also been
reported for adsorption of RB19 onto other adsorbents
[18,23,46].

3.5. Adsorption isotherms

The adsorption isotherm is an important parameter
to describe the interaction of adsorbate with adsorbent
and is very important for the design of an adsorption
system. The equilibrium adsorption data of RB19 onto
NiO nanoparticles were analyzed using the non-linear
forms of Langmuir [47], Freundlich [48], and
Langmuir–Freundlich (Sips) isotherms [49]. The
Langmuir model assumes monolayer adsorption on a
uniform surface with a finite number of adsorption
sites, while the Freundlich isotherm is applicable to
both monolayer (chemisorption) and multilayer
adsorption (physisorption) and is based on non-ideal
sorption on the heterogeneous surface. The Sips model
is a combination of the Langmuir and Freundlich
models. At low concentrations of the adsorbate, this
model approaches the Freundlich model, which can
describe the heterogeneous systems, and at high con-
centrations of adsorbate, it provides monolayer
adsorption capacity that is the characteristic of Lang-
muir isotherm. The Langmuir (Eq. (6)), Freundlich
(Eq. (7)), and Sips (Eq. (8)) isotherms are expressed as:

qe ¼ qm : kL :Ce

1 þ kLCe
(6)

qe ¼ KFC
1=n
e (7)

qe ¼ Ks qm C1=n
e

1 þ Ks C
1=n
e

(8)

where qm is the monolayer adsorption capacity
(mg g−1), KL is the Langmuir adsorption constant
related to the affinity of binding sites (L mg−1) of
adsorbent toward the adsorbate. KF (mg g−1 (L mg−1)1/n)
and n (dimensionless) are the Freundlich adsorption
constants which refer to adsorption capacity and
adsorption intensity, respectively. Ks (L mg−1) is the
Sips constant related to energy and affinity of
adsorption.

The adsorption parameters determined by
non-linear regression are listed in Table 4. Also, as an
example, the fitted plots of adsorption isotherm at
25˚C are shown in Fig. 10. As it can be seen from this
figure, the best agreement between the experimental
and model data is obtained by the Sips model. Based
on the R2 and Ferror values listed in Table 4, the Sips
isotherm with the lowest Ferror and the high R2 values
is the best model to describe the adsorption of RB19
onto NiO nanoparticles.

As a comparison, the commercial NiO was also
evaluated for RB19 adsorption under the same

30

31

32

33

34

35

36

37

0 15 30 45 60 75 90 105 120
Time / min

qt
 / 

m
g 

g-1

Experimental

Calculated

Fig. 9. Pseudo-second-order kinetic model of RB19
adsorption onto NiO nanoparticles.
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conditions as those of NiO nanoparticles. Adsorption
experiments were performed using dye solutions with
initial concentration in the range of 50–500 mg L−1.
The adsorption capacity of the commercial NiO was
estimated to be 38.62 mg g−1, which is much lower
than that of the NiO nanoparticles (98.83 mg g−1). The
higher adsorption capacity of the prepared nano-sized
NiO can be attributed to its higher surface area and
lower particle size. Moreover, a comparative evalua-
tion of the adsorbent capacity of NiO nanoparticles
with various types of adsorbents for the adsorption of
RB19 is given in Table 5. The monolayer adsorption
capacity (qm) of NiO nanoparticles for RB19 is
relatively high compared with some adsorbents
40,41,46,50,51]. It should be noted that, although the
adsorption capacity of NiO nanoparticles is lower than
that of some other adsorbents [18,52,53], the adsorp-
tion capacity in our work is achieved at easy condi-
tions such as room temperature, short contact time,
and without any pH adjustment. For example, the
adsorbents in reference 18 or 40 need a contact time of
4 and 5 h, respectively. Likewise, most of the adsor-
bents require a strongly acidic solution which could

make the removal process difficult [52,53]. It should
be highlighted that the adsorbent used in this study
can be prepared by low-cost materials and simple pro-
cedure which is very valuable from the economical

Table 3
Pseudo-second-order kinetic parameters of RB19 adsorption onto NiO nanoparticles at 25˚C

qe,exp k2/g mg−1 min−1 qe,cal mg g−1 Ferror R2

36.12 ± 0.72 0.02346 ± 0.00123 42.57 ± 0.26 6.000 × 10−3 0.9857

Table 4
Isotherm parameters of RB19 onto NiO nanoparticles at different temperatures

Model

Temperature

25˚C 35˚C 45˚C

Langmuir
qm (mg g−1) 98.83 ± 5.30 105.53 ± 5.48 116.50 ± 5.89
KL (L mg−1) 0.021 ± 0.005 0.095 ± 0.008 0.230 ± 0.009
R2 0.9797 0.9787 0.9551
Ferror 0.2924 0.2122 0.3529

Freundlich
KF (mg/g (L/mg)1/n) 13.26 ± 1.58 19.11 ± 1.04 29.18 ± 1.87
n 3.00 ± 0.21 2.99 ± 0.13 3.09 ± 0.14
R2 0.9702 0.9672 0.9535
Ferror 0.1327 0.1589 0.2871

Sips
KLF (L mg−1) 0.1097 ± 0.0130 0.1410 ± 0.0291 0.2601 ± 0.0253
qm (mg g−1) 119.96 ± 2.05 124.02 ± 2.25 129.95 ± 2.73
n 2.99 ± 0.20 3.01 ± 0.22 2.98 ± 0.25
R2 0.9988 0.9976 0.9989
Ferror 0.0534 0.1145 0.1309

Fig. 10. Isotherm models of RB19 adsorption onto NiO
nanoparticles at 25˚C. (NiO dosage = 0.11 g; contact
time = 60 min; initial dye concentration = 75 mg L−1).
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and practical points of view. As a result, the prepared
NiO nanoparticles can be employed as alternative
adsorbents for the removal of RB19 and may be con-
sidered efficient and cost-effective adsorbents in water
treatment.

3.6. Effect of temperature

The effect of temperature on the adsorption of
RB19 onto NiO nanoparticles was investigated by
treating 0.11 g sorbent with 50 mL of dye solution
(75 mg L−1) at 25, 35, and 45˚C under optimum condi-
tions. The results revealed that the adsorption capacity
increased with the increase in temperature, indicating
that the adsorption process was endothermic in nature
(Table 4). The thermodynamic parameters (ΔG˚, ΔH˚,
ΔS˚) of the adsorption process were calculated by
using the following equations [55]:

DG� ¼ �RT ln K (9)

DG� ¼ DH� � TDS� (10)

ln K ¼ �DH�

RT
þ DS�

R
(11)

where T is the absolute temperature (K), R is the uni-
versal gas constant (8.314 J mol−1 K−1), K (L mol−1) is
the equilibrium adsorption constant of the isotherm
fits [56]. The change in Gibb’s free energy change
(ΔG˚) was calculated using ln K values for different

temperatures (Eq. (9)). The enthalpy change (ΔH˚) and
entropy change (ΔS˚) of adsorption were estimated
from the slop and intercept of the linear plot of ln K
vs. 1/T (Eq. (11)), respectively. The thermodynamic
parameters of adsorption process are summarized in
Table 6.

The positive value of adsorption enthalpy (ΔH˚)
indicates that the adsorption is an endothermic pro-
cess. The positive value of the ΔS˚ demonstrate the
spontaneous nature of adsorption. The positive ΔS˚
value indicates the increased degree of freedom of the
system, suggesting randomness at the solid/liquid
interface during the adsorption of RB19 onto NiO
adsorbent. The positive adsorption entropy may be
interrelated to the extent of dehydration of the dye
molecules. During the dye adsorption onto the adsor-
bent, the number of water molecules surrounding the
dye molecules decrease, releasing the water molecules
in solution which can increase their degree of free-
dom. Negative values of ΔG˚ indicate that the adsorp-
tion of RB19 by NiO nanoparticles is a spontaneous
and favorable process for all studied temperatures
(Table 6).

3.7. Desorption and reuse studies

Desorption experiments were carried out to test
the reusability of the adsorbent in industrial applica-
tions. The desorption experiments were performed
using different desorbing solutions including sodium
hydroxide, (0.1 mol L−1), methanol, ethanol, and pure

Table 5
Comparison of the monolayer adsorption capacities of RB19 onto NiO nanoparticles with other adsorbents

Adsorbent

Conditions

aqm (mg g−1) Refs.pH Temperature Time

bCC/OPA 6 30˚C 4 h 416.7 [18]
MgO nanoparticles 8 25˚C 5 min 166.6 [23]
Wheat bran 1.0 20˚C 300 min 97.1 [40]
Biomass rhizopus 2 Room temp. 20 h 90.0 [41]
cMMMCNTs d 25˚C 45 min 88.80 [46]
Wood waste 1.7 – 30 min 4.75 [50]
Fungal biomass 2 30˚C 60 min 80.9 [51]
Modified bentonite 1.5 20˚C 60 min 124.82 [52]
Modified bentonite 1.5 20˚C – 207 [53]
Polyethyleneimine – 20˚C – 121 [54]
Commercial NiO d 25˚C 60 min 38.62 This work
NiO nanoparticles d 25˚C 60 min 98.83 This work

aSorption capacity.
bCross-linked chitosan/oil palm ash composite.
cMagnetite-modified multi-wall carbon nanotubes (MMMCNTs).
dMagnetite-modified multi-wall carbon nanotubes (MMMCNTs).
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methanol-sodium hydroxide (0.1 mol L−1) mixed solu-
tion (1:1). For this purpose, 10 mL of the each eluent
was added to 0.1 g of the dye loaded adsorbent in a
beaker and the mixture was shaken for 15 min. After
filtration, the dye concentration in the desorbed solu-
tion was measured spectrophotometrically and the
percentage of dye desorbed from the adsorbent was
determined. From the result, the desorption efficiency
was found to be 45, 72, 81, and 92% using ethanol,
methanol, methanol/sodium hydroxide mixture, and
sodium hydroxide, respectively. Thus, sodium hydrox-
ide was used as proper eluent for the desorption pro-
cess. After elution of the adsorbed dyes, the adsorbent
was washed with deionized water and dried at 60˚C
overnight and reused for the dye removal. The results
showed that the removal efficiency varied from 92 to
81% during the 3 cycles of adsorption/desorption
experiments, which indicated that the present NiO
nanoparticles could be reusable adsorbent.

4. Conclusion

NiO nanoparticles with an average size of 20 nm
were studied as adsorbents for the removal of RB19
from aqueous solutions. The adsorption kinetics fol-
lowed the pseudo-second-order rate and the adsorp-
tion isotherms could be described by the Sips model.
The adsorption process was endothermic in nature
with an enthalpy change of 33.84 kJ mol−1 and entropy
change of 205.61 J mol−1 k−1 at 298–318 K, respectively.
The Gibb’s free energy value increased from −27.59 to
−31.73 kJ mol−1 when the temperature increased from
298–318 K. The prepared NiO nanoparticles exhibited
efficient adsorptive properties such as high adsorption
capacity, short contact time, and independency of the
solution pH for adsorption of RB19. The present NiO
nanoparticles were also found to be more efficient
than commercial NiO for the removal of RB19. In
addition to the simple and cost-effective method for
preparation of the present NiO adsorbent, its excellent
adsorption properties suggested NiO nanopowder as
a promising adsorbent for the removal of RB19 from
wastewater.
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[8] S. Tunç, O. Duman, T. Gürkan, Monitoring the decol-
orization of acid orange 8 and acid red 44 from aque-
ous solution using Fenton’s reagents by on-line
spectrophotometric method: Effect of operation param-
eters and kinetic study, Ind. Eng. Chem. Res. 52 (2013)
1414–1425.

[9] Z. Eren, Degradation of an azo dye with homogeneous
and heterogeneous catalysts by sonophotolysis, Clean
—Soil Air Water 40 (2012) 1284–1289.

[10] G. Muthuraman, M.M. Ibrahim, Removal of anionic
dye from aqueous solution using a cationic carrier,
Int. J. Ind. Chem. 4 (2013) 15–21.

[11] M. Belhachemi, F. Addoun, Adsorption of congo red
onto activated carbons having different surface prop-
erties: Studies of kinetics and adsorption equilibrium,
Desalin. Water Treat. 37 (2012) 122–129.

[12] E. Ayranci, O. Duman, In-Situ UV-visible spectro-
scopic study on the adsorption of some dyes onto

Table 6
Thermodynamic parameters of RB19 adsorption onto NiO nanoparticles

ΔS˚ (J mol−1 K−1) ΔH˚ (kJ mol−1)

ΔG˚ (kJ mol−1)

Temperature (K)

298 308 318

205.61 ± 0.04 33.84 ± 0.01 −27.59 ± 0.29 −29.16 ± 0.53 −31.73 ± 0.25

20046 Z. Monsef Khoshhesab and M. Ahmadi / Desalination and Water Treatment 57 (2016) 20037–20048



activated carbon cloth, Sep. Sci. Technol. 44 (2009)
3735–3752.

[13] S. Selvakumar, R. Manivasagan, K. Chinnappan,
Biodegradation and decolourization of textile dye
wastewater using Ganoderma lucidum, Biotech 3 (2013)
71–79.

[14] C. Lizama, J. Freer, J. Baeza, H.D. Mansilla, Optimized
photodegradation of Reactive Blue 19 on TiO2 and
ZnO suspensions, Catal. Today 76 (2002) 235–246.

[15] L.H. Ai, Y. Zhou, J. Jiang, Removal of methylene blue
from aqueous solution by montmorillonite/CoFe2O4
composite with magnetic separation performance,
Desalination 266 (2011) 72–77.

[16] M. Turabık, B. Gozmen, Removal of basic textile dyes
in single and multi-dye solutions by adsorption: Sta-
tistical optimization and equilibrium isotherm studies,
Clean—Soil Air Water 41 (2013) 1080–1092.

[17] S.B. Wang, H.T. Li, L.Y. Xu, Application of zeolite
MCM-22 for basic dye removal from wastewater,
J. Colloid Interface Sci. 295 (2006) 71–78.

[18] M. Hasan, A.L. Ahmad, B.H. Hameed, Adsorption of
reactive dye onto cross-linked chitosan/oil palm ash
composite beads, Chem. Eng. J. 136 (2008) 164–172.
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