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ABSTRACT

In this research, the microwave-assisted method was used for the synthesis of nickel oxide nanoparti-
cles (NiO NPs). The synthesized NiO NPs were characterized using Brunauer-Emmett-Teller surface
analyzer, transmission electron microscopy, X-ray diffraction and pH,,.. We found that the specific
surface area, total pore volume, average pore diameter and pH,,. of the prepared NiO NPs were
78.37 m?/g, 0.068 cm?/g, 34.92 A and 8.1. Also, we examined the adsorption of Bromophenol blue (BB)
using NiO NPs at different temperatures (303, 318 and 333 K). Further, we evaluated the impacts
of adsorbate concentration, agitation time, temperature and pH. Indeed, the adsorbate concentration
of 300 mg/L, temperature of 333 K and pH of 12 at 24 h were observed to be the ideal experimental
conditions. Isotherm models of Freundlich and Langmuir were employed and the obtained results
revealed that the equilibrium data were described well by Langmuir equation. The highest monolayer
capacities of this adsorption were found to be 58.48, 79.37 and 93.46 mg/g at 303, 318 and 333 K. Kinetic
models of first order, second order and intra-particle diffusion were used to examine the kinetic exper-
imental data. Thermodynamic factors were determined and the values obtained designate that the
adsorption of BB on NiO NPs is endothermic and non-spontaneous processes.
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1. Introduction

Bromophenol blue (BB) is an anionic organic dye [1,2]
that has sufficient ability for making direct bands with basic
functional groups in the components of tissues [3]. The BB
dye is applied as a colour mark to check the colouring pro-
teins in paper electrophoresis, the process of agarose gel
electrophoresis and polyacrylamide gel electrophoresis [3].
Moreover, the dye of BB is used as pH indicator because the
colour of this dye solution depends on the values of solu-
tion pH. For instance, the solution of BB is blue and yellow
at neutral and lower pH, respectively [3]. A dye of BB as a
bromophenol organic compound has teratogenic, toxic and
carcinogenic properties [4]. Thus, the industrial effluents
polluted by this dye have negatives and hazard impacts on
the ecosystem. Therefore, effective method is highly needed

for removal of dye from waste water. For instance, Yu-Juan
and Xi-Hai [1] have studied the efficiency of solvent subla-
tion method to eliminate the BB from wastewaters. The dye
removal efficiency of solvent sublation technique is negligi-
ble at higher pH solution [2] and also has a potential second-
ary contamination, which would be produced due to using of
solvents. Further, photocatalytic degradations using potas-
sium dichromate (K,Cr,O,) [3], cobalt-doped TiO, nanopar-
ticles [4], NiTiO, and TiO, under UV-Vis light [5], CuO-
nano-clinoptilolite [6] and TiO, nanoparticles [7] have been
employed to minimize the BB dye from synthesized waste-
waters. Despite, the considerable efficiency of the photocat-
alytic degradation method, its final products may be having
significant negative impact on human health when com-
pared with BB dye itself. Thus, it is very important to find
out the best and the most effective method can be applied
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for the quantitative elimination of BB dye from manufactur-
ing wastewaters prior their discarding to biosphere. It was
recommended earlier that adsorption is the best and most
effective method has been used till now for removal of the
coloured dyes from industrial wastewaters. For this, adsorp-
tion was chosen in this work for elimination of BB from the
prepared wastewater.

Activated carbon prepared from Astragalus bisulcatus was
reported for the adsorption of BB from synthesized wastewa-
ter [8]. However, it was reported that this activated carbon
has a great potential towards BB removal, the production
cost of activated carbon is quite expensive. Consequently,
low-cost adsorbents such as graphene oxide functionalized
magnetic [9] and a-chitin nanoparticles have been used for
the adsorption of dyes from wastewaters.

Adsorption of organic dyes such as methylene blue
(MB) on biomass-derived carbon@montmorillonite nano-
composites was performed by Ai and Li [10]. Further,
Dhananasekaran et al. [11] highlighted that the chitosan
composite effectively removed BB dye from wastewater.
Indeed, removal of BB from wastewaters was reported using
adsorbents such as polymeric gels [12], mesoporous mixture
gel [13] and ionic liquids [14]. It was noted that the adsorp-
tion efficiency of the above mentioned low-cost adsorbents
towards BB is negligible when compared with high-cost acti-
vated carbon. Recently many attempts have been carried out
to use the composite materials such as CuS nanoparticles—
loaded activated carbon [15], Fe,O,-ZnO-ZnFe,O,/carbon
nanocomposite [16] and polymer—clay composite [17] as new
effective adsorbents for purification of wastewaters from BB
dye. It was concluded that the composite materials have
effective application as BB dye removal from aqueous solu-
tions. Unfortunately, the chemicals used for the preparation
of this type of adsorbents are expensive and harmful to envi-
ronment. Therefore, metal oxides nanoparticles have been
employed as effective and cheap adsorbents for removal of
organic and inorganic hazard materials from wastewaters.
For example, CuO NPs were used for adsorption of mer-
cury (II) [18] as same as adsorption of ethidium bromide and
ethidium monoazide bromide from aqueous solution [19].
Further, maghemite nanoparticles of y-Fe,O, were used as
adsorbent for elimination of fluoride ions from its aqueous
solution [20]. Furthermore, MgO nanoparticles and ZnO-
MgO nanocomposites are effective adsorbents for linezolid
antibiotic [21]. Also, alumina NPs [22] and Sorel's cement [23]
have been applied for elimination of BB from wastewater.
In addition, Hu et al. [24] observed that NiO NPs had high
adsorption capacity and adsorption rate towards Congo red
(CR). Isotherm and kinetic parameters for adsorption of CR
on NiO NPs were investigated by Zheng et al. [25] and found
that NiO NPs has superior adsorption performance with CR.
Lei et al. [26] noted that NiO-5iO, composite particles were
used as great adsorbents for elimination of CR from waste-
water, with adsorption capacity of 204.1 mg/g. Moreover,
adsorption of anionic dyes such as methyl orange, methyl
blue and CR was carried out by Shao and Huang [27]. They
found that NiO NPs can be applied as an effective adsorbent
for removal of dyes from aqueous solutions. Despite supe-
rior adsorptive properties of NiO NPs towards organic dyes,
no work till now was performed to study BB adsorption onto
NiO NPs. Consequently, the real goal of current research is

to examine the elimination performance of this adsorbent
(NiO NPs) towards BB.

Parameters of kinetics, thermodynamics and isotherms of
BB adsorption onto NiO NPs were estimated. Experimental
factors affecting adsorption such as temperature, BB solution
concentration, shaking time and pH of the solution were also
investigated.

2. Research methodologies
2.1. Production and characterization of NiO NPs

A microwave oven with 650 W power (Sanle General
Electric Corp., Nanjing, China) was used. In a typical proce-
dure, 25 mL water solution containing 0.2 M Ni(NO,),-6H,0
was mixed with a 25 mL water solution containing 0.2 M
CO(NH,), in a round-bottom flask. The vessel containing
the solution was introduced into a microwave oven operat-
ing at a maximum power of 800 W for 20 min. The solution
boils and undergoes dehydration followed by decomposition
with the evolution of a large amount of gases. After the solu-
tion reaches the point of spontaneous combustion, it begins
burning and releases lots of heat, vaporizes all the solution
instantly, and becomes a solid powder [28,29]. A black fine
powder of NiO NPs is extracted. After cooling to room
temperature, the precipitate was centrifuged and washed
with distilled water. The final products were collected for
characterization.

Powder X-ray diffraction (XRD) measurements were per-
formed on a Shimadzu XD-3A X-ray diffractometer at the 20
range from 30° to 60°, with monochromatized CuKa radia-
tion (A = 0.15418 nm). The transmission electron microscopy
(TEM) images were recorded on a JEM 200CX (JEOL, USA)
transmission electron microscope, using an accelerating
voltage of 80 kV. The samples used for TEM observations
were prepared by dispersing some products in ethanol fol-
lowed by ultrasonic vibration for 30 min, then placing a drop
of the dispersion onto a copper grid coated with a layer of
amorphous carbon. Theydan and Ahmed [30] method was
followed in this study to determine pH, . of this adsorbent.
The surface area and porosity of NiO NPs were evaluated by
adsorption—-desorption of N, at 758.58 mm Hg and 77.40 K
using Brunauer-Emmett-Teller (BET) surface analyzer
(NOVA-3200 Ver. 6.09).

2.2. Experimental solutions of BB

Table 1 includes characteristics of BB dye. This dye was
supplied by Sigma-Aldrich, United States. 1 g of BB was dis-
solved in distilled water in a 1 L volumetric flask to prepare

Table 1
Structure and characteristics of BB dye

Structure Other names CI A M

number (nm) (g/mol)
a0 o Aristolochic 45,170 598  624.38
E T OMa acid
J[::n:ﬁ:l::l
Bie o A
T )
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1,000 mg/L of stock solution. The required experimental solu-
tions were obtained from stock solution by dilution.

2.3. Adsorption experiments

To examine impacts of adsorbate primary concentra-
tion, temperature of solution, isotherm and thermodynamic
parameters, BB adsorption on NiO NPs was performed at
three different temperatures (30°C, 44°C and 60°C) with con-
centrations of the dye solutions in the range of 35-600 mg/L
by means of 0.02 g of NiO NPs. These experiments were car-
ried out at agitation speed 200 rpm and initial pH for 72 h to
reach stability. The adsorbents were separated from solutions
filtration. Remaining BB concentrations in the supernatant
liquids were evaluated using 6800 UV-visible spectropho-
tometer (Jenway, UK) at A__ of 598 nm. The quantities of BB
adsorbed at equilibrium were computed from the following
equation:

6 - (€-C)v @)
m

C, and C, (mg/L) represent the primary and final BB concen-
trations, in that order, m (g) is related to the mass of NiO NPs,
g, is the number of grams of BB adsorbed by 1 g of the adsor-
bent at equilibrium, whereas V (L) represents the adsorbate
solution volume.

The Langmuir and Freundlich linear forms models
(Egs. (2) and (3)) have been applied to determine parameters
of the adsorption isotherms.

c__1 . C ,
qc qmaxKL qmax ( )

Ing, =InK, +llnCe 3)
n

q,... refers to the maximum adsorption capacity (mg/g); K,
represents constant of Langmuir; K, and 1/n are Freundlich
constants correlated to adsorption capacity and favourabil-
ity, respectively. Adsorption is favourable when the value of
1/n lies between 0 and 1 [31].

The dimensionless factor R, represented by Eq. (4) [32]
was applied to investigate the fundamental characteristics of
Langmuir isotherm model:

1
R=
T14K, C O

K, and C, are the Langmuir constant and highest primary
concentration of adsorbate. R, value designates the isotherm
nature, either favourable (R, between 1 and 0), unfavour-
able (R, higher than 1), linear (R, equal to 1) or irreversible
(R, equal to 0).

Egs. (5) and (6) were used to investigate the thermody-
namic factors such as AH®, AS® and AG® for BB adsorption
onto NiO NPs.

AH®  AS°

InK. =- + 5
M= R "R ©)
AG® = AH® — TAS® ©)

T and R represent the temperature of solution and universal
gas constant, respectively.

2.4. Adsorption kinetic parameters

Adsorptions of 10 mL of 35, 65 and 150 mg/L BB dye solu-
tions onto 0.02 g of the prepared NiO NPs were achieved at a
rotation speed of 200 rpm, original pH and 303 K for different
time intervals. Samples after each time period were filtered.
The final dye concentrations in the filtrate were measured by
means of UV/Visible spectrometer. Eq. (7) was used for calcu-
lating the adsorption quantities for each time ¢ (min).

Ci-C,)V
g, =CW 7)

m

g, (mg/g) refers to BB amount removed from its liquid at any
time. Ci and C . (mg/L) represent BB concentrations at primary
and any time f, respectively. V and m symbolize the solution
volume and mass of NiO NPs, in that order.

These processes were carried out to examine impact of the
adsorption agitation time and to evaluate kinetic parameters,

Linear expressions for the first order (Eq. (8)), second
order (Eq. (9)) [33] and intra-particle distribution (Eq. (10))
kinetic models have been employed for evaluation of the
adsorption capacities and adsorption rate constants.

t
log(q, —q,) =1ogq, - K, CET (8)
t__1 .t
9, K, q, ©)
qldeifx/; +C (10)

Since g, refers to equilibrium adsorption amount; g, is the
amount of BB eliminated from solution after each time inter-
vals. K, K, and K, symbolize the rate constants of first order,
second order and intra-particle distribution kinetic mod-
els, respectively. C is a kinetic parameter that provides idea
about the boundary-layer width [34].

2.5. Impact of pH

BB solutions with constant primary concentration
(200 mg/L) and different values of pH (2-12) were prepared
by adding 0.5 N NaOH or HCl solutions. A pH meter (model:
Ross FE 20, USA) was used for measuring the pH values of
these solution. A fixed volume (10 mL) of each solution was
combined with 0.02 g of NiO NPs in 25 mL amber bottle.
The sealed amber bottles were put in shaker incubator and
shaken for 3 d at 30°C and 200 rpm agitation speed. Filtration
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using filter papers was performed to separate the solid NiO
from the mixtures. The supernatant final concentration and
the adsorption amount at equilibrium were estimated as
described in the adsorption experiments.

3. Results and discussion
3.1. Adsorbent properties

The XRD pattern of NiO NPs is shown in Fig. 1. The
characteristic diffraction peaks corresponded to (111), (200),
(220), (311) and (222) indicate the monoclinic structure of
NiO nanocrystals [35] which was also found to be highly
crystalline planes of NiO NPs. The obtained peaks matched
with earlier reports [29,36]. The observed interplanar spac-
ing, d,,, was compared with the data of JCPDS card number
of 78-0429. The results obtained in this study are further sup-
ported by XRD results obtained from NiO NPs [24,25].

The size and morphology of the synthesized NiO NPs was
studied by TEM; a representative image of NiO nanomate-
rial is displayed in Fig. 2. The synthesized NiO nanoparticles
were mostly spherical in shape and showed a large distribu-
tion of sizes, with mean values of 13 + 2 nm. Similarly, Rabieh
et al. [37] highlighted that microwave-assisted synthesis of
ZnO NPs was hexagonal with an average size ranging from
15 to 25 nm while Fakhri and Behrouz [21] reported spherical
v-Fe,0,/NiO nanocomposite with size ranging from 55 nm,
respectively. Further, Fakhri and Behrouz [21] reported that
TEM images of MgO nanoparticles and ZnO-MgO nanocom-
posites were spheroidal in shape with an average size rang-
ing from 25 to 30 nm. The pH,,. and the BET surface analyzer
values of NiO NPs are listed in Table 2.

3.2. Factors affecting the adsorption
3.2.1. Initial concentration of BB and temperature of solution

Plots of g, (mg/g) vs. C, (Fig. 3) represent the impact of
primary concentration on the uptake of BB by NiO NPs at

b)

(200)

(111)

Intensity (a.u)
(220)

Fig. 1. XRD spectrum of as-prepared NiO NPs.
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three different temperatures (30°C, 45°C and 60°C). Fig. 3
illustrates that adsorption of BB increases with increment in
initial concentration of this dye due to the dynamic force that
can defeat the mass movement resistances of BB particles at
the solid and liquid interface is raised with increasing the
primary adsorbate concentration [38,39]. Fig. 3 also demon-
strates that the amounts of this dye adsorbed become con-
stant over 300 mg/L at each temperature. This was obtained

im.tif
Print Mag: 138000x @7.0 in

Fig. 2. TEM spectrum of as-prepared NiO NPs.

Table 2
Characteristics of the NiO NPs

Valued
78.3733

Properties

Specific surface area (m?/g)
Total pore volume (cm?/g) 0.06842
Average pore diameter (A) 34.920
pH 8.1

ZPC

100
9
80
70
60
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40
30
20 ——qe30°C —W-qed5°C —+—qe 60°C
10

0

q, (mg/g)

0 100 200 300 400 500 600 700
C. (mg/L)

Fig. 3. Effect of initial concentration and temperature on
adsorption capacity of BB by NiO NPs.
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because there are no vacant active sites on the surface of NiO
NPs to adsorb extra of BB molecules when the concentration
of this adsorbate is enhanced over 300 mg/L [38,39]. Similar
trends were observed for adsorption of acid red 27 dye onto
commercial activated carbon granular and coconut husk
fibre-based activated carbon [40]. It was reported previously
that the amount and percentage of BB removed from aqueous
solution by adsorption on activated carbon prepared from
Astragalus bisulcatus tree were increase by increasing the ini-
tial dye concentration [8]. Furthermore, it was observed that
adsorption capacity of BB on Sorel’s cement NPs increased
from 2.84 to 25.14 mg/g when the initial concentration of this
dye increased from 2.84 to 25.14 mg/L [23]. Moreover, Fig. 3
shows that the adsorption of BB onto NiO NPs is increased
with elevating temperature from 30°C to 60°C. This means
that the adsorption of BB onto the surface of NiO NPs is an
endothermic process. Increment in the adsorption uptake of
BB by raising temperature was resulted from the rising in the
mobility of BB molecules [41]. Moreover, sufficient energy
is needed for other numbers of BB particle to adsorb onto
adsorption active sites [41]. Similar trends were observed for
adsorption of this dye on a-chitin NPs [11]. It was also found
in the literature that MB adsorption onto commercial acti-
vated carbon is an endothermic process in nature [42].

3.2.2. Adsorption agitation time

The relationship between the amounts of BB uptake
(g, mg/g) by NiO NPs at various primary concentrations
(35, 65 and 150 mg/L) and agitation time is illustrated in
Fig. 4. As shown in Fig. 4, quantity of BB adsorbed onto NiO
NPs enhanced with an increase in adsorption contact time
and almost be constant after 180 min. The results detected in
this research are similar to that obtained for elimination of
4-nitrophenol from aqueous solution by means of its adsorp-
tion onto palm oil fuel ash refluxed with amino silane cou-
pling agent [43].

3.2.3. Adsorbate solution pH

Adsorbate ionization degree and adsorbent surface
charge are extensively affected by pH of the experimental
solution [44]. If pH is higher than the adsorbate pK, the
adsorbate exists in the ion form [44]. Moreover, in the case
of pH,,. > pH and pH,,.< pH, adsorbent surface will be

ZrPC ZrPC

70
60
50
40 =—35 mg/L. —#-65 mg/L 150 mg/L

30

q,(mg/g)

20

10

0
0 500 1000 1500 2000

t (min)

Fig. 4. Effect of contact time on the adsorption capacity of BB by
NiO NPs.

positively and negatively charged, respectively [44]. Fig. 5
represents the plot of BB adsorbed at equilibrium (g, mg/g)
and solution pH. This figure demonstrates that the adsorp-
tion capacity of BB (pK, = 3.85) on NiO (pH,,. = 8.1) is
faintly and sharply increased with increasing solution pH in
the range of 2-8 and 8-12, respectively. The slight increase
in the adsorption of this dye at pH less than 8 was due to
the competition adsorption between the positive ions of BB
and hydrogen ions. Where increasing the solution pH leads
to decreasing the number of hydrogen ions. Therefore, the
competition between the ions of BB and hydrogen will be
decreased and the adsorption of BB will slightly increase.
Whereas, the sharp increment in the adsorption of BB when
pH ranged from 8 to 12 was due to increasing the electro-
static attraction forces between BB positive ions and negative
charges on the surface of NiO NPs. While, the number of neg-
ative surface charges was increased with increasing solution
pH, leading to increment in the number of BB ions uptake
onto the adsorption active sites. Similar results were noted
for adsorption of BB by Sorel’s cement NPs [23]. Moreover,
the results observed in this research confirm that the maxi-
mum amount of BB adsorbed onto NiO NPs can be obtained
at increasing pH, which agrees well with those observed
for adsorption of MB by Fe O,-graphene@mesoporous SiO,
nanocomposite and cotton stalk [44,45].

3.3. Isotherm data analysis

Isotherm parameters were analyzed at 30°C, 45°C and
60°C using isotherm models Freundlich and Langmuir. The
plots related to Langmuir equation are demonstrated in Fig. 6,
whereas Fig. 7 illustrates the plots associated with Freundlich
equation. Slopes and intercepts of these plots were used to
evaluate isotherm parameters of Langmuir (g, , K;) and
Freundlich (K,, ). The values of isotherm constants and their
equivalent R? are listed in Table 3. The R, values were calcu-
lated by Eq. (4) (Table 3).

The isotherms data summarized in this table desig-
nate that adsorption of BB by NiO NPs is favourable under
the experimental conditions because the values of R, and 1/n
are between 0 and 1. The R? values of Langmuir isotherm
model are superior to that of Freundlich. These results along

110
100
90

80

q. (mg/g)

70

60

50

40

pH

Fig. 5. Effect of pH on BB adsorption by NiO NPs.
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with Figs. 6 and 7 confirm that isotherm model of Langmuir
is the best model that can be used to analyze the experimen-
tal isotherms data obtained in this study. This clearly indi-
cates that adsorption active sites on the surface of NiO NPs
are homogeneous and the adsorption of BB by this adsor-
bent (NiO NPs) is a monolayer. It was reported in the liter-
atures that adsorption of BB on activated carbon produced
from Astragalus bisulcatus tree [8] and a-chitin NPs [11] give
strong positive indication on the fitness of experimental
data of BB adsorption by Langmuir model. It was observed
previously that experimental data for adsorption of pheno-
lic compounds such as 4-nitrophenol on commercial and
fibre activated carbons give a good fit of the Langmuir iso-
therm [46].

p—
=]
)

60°C

1 ©30°C m45°C

CJ/q.
S = N W A 1SN0 0O

0 100 200 300 400 500 600
C, (mg/L)

Fig. 6. Langmuir isotherm models for adsorption of BB onto NiO
NPs at three different temperatures.

5

4.5

InC,
w
wn

2.5 €30°C M45°C A60°C

-1 0 1 2 3 4 5 6 7
InC,

Fig. 7. Freundlich isotherm model for adsorption of BB onto NiO
NPs at three different temperatures.

Moreover, it can be noted from Table 3 that the solution
temperature has a positive effect towards q_, _(mg/g) indicat-
ing that BB adsorption by NiO NPs is endothermic in nature.
These results agree well with that observed in section 3.2.1.
It also can be seen from Table 3 that NiO NPs have higher
adsorption capacities towards BB which range from 58.48
to 93.46 mg/g when temperature increased in the range of
30°C—60°C. This confirms that NiO NPs will be a promising
material for the treatment of water dyestuff pollution.

3.4. Thermodynamic parameters

Fig. 8 demonstrates the relationship between InK_and 1/T
(Eq. (5)) for adsorption of BB onto NiO NPs at three different
dye concentrations, that is, 200, 300 and 500 mg/L. The slopes
and intercepts of these plots have been used for determin-
ing the values of AH® and AS®, respectively. The values of
AG® were calculated from Eq. (6) using AH® and AS® values.
The calculated values of AH®, AS° and AG® are registered in
Table 4. The values of AH® parameter are positive indicat-
ing that BB adsorption by NiO NPs is an endothermic pro-
cess. This agrees well with the results observed in the parts
which are associated with the adsorption isotherms and
solution temperature impacts. Furthermore, it can be seen
from Table 4 that the smallest value of AH® is higher than
20.9 kJ/mol which designates that this dye adsorption onto
NiO NPs is chemisorption [47,30].

The positive values of AS° confirm that the random-
ness in the interface between adsorbent and solution is

0.5

0031 0.0032 0.0033 0.0034

-2.5 -

1T

€200 mg/L MW300mg/L A500 mg/L

Fig. 8. Plots of anC vs. 1/T for the adsorption of BB onto NiO NPs
at three different dye concentrations.

Table 3
Langmuir, Freundlich parameters and separation factors (R;) for the adsorption of BB dye onto NiO NPs at three different
temperatures

Adsorbent  Temperature °C Langmuir isotherm Freundlich isotherm

Ip (mg/g) K (L/mg) R K, (mg/g)(L/mg)""  1/n n R
NiO NPs 30 58.48 0.046 0035 0991  16.99 0200 5.00 0971
45 79.37 0.050 0032 0990 18.10 0251 398  0.709
60 93.46 0.132 0012 0998 22.52 0262 381 0921
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Table 4
Thermodynamic parameters for adsorption of BB onto NiO NPs
Adsorbent Concentration (mg/L)  AH° (kJ/mol) AS° (kJ/mol K)  AG° (kJ/mol)
303 K 318K 333K R?
NiO NPs 200 27.689 0.082 2.84 1.61 0.383 0.977
300 24.921 0.073 2.80 1.701 0.61 0.973
500 21.381 0.054 5.02 421 3.40 0.993
decreased through adsorption procedure. According 18 -

to AG® positive values, BB adsorption by NiO NPs is a
non-spontaneous process. Furthermore, it can be observed
from Table 4 that AG®° values decreased with raising tem-
perature. This proposes that the main approving factor for
effective adsorption performance is a higher temperature in
this case. Sohni et al. [9] reported that adsorption of BB on
magnetic chitosan—-graphene oxide composites is an endo-
thermic process.

3.5. Kinetic data analysis

The linearized-integral forms of first order (Eq. (8)),
second order (Eq. (9)) and intra-particle diffusion kinetic
models (Eq. (10)) have been employed to investigate the
kinetic data for adsorption of BB onto NiO NPs. Figs. 9-11
represent the plots of log(q, — g,) vs. t, t/g, vs. t and g, vs. t'2,
respectively. Slopes and intercepts of these plots were used
for determining the kinetic parameters of each model. The
experimental g values along with values of kinetic parame-
ters for the first and second order kinetic models are summa-
rized in Table 5. The calculated R? values associated with first
and second order kinetic models are also registered in Table
5. It can be observed from Table 5 that correlation coefficients
(R?) values in case of the second order are higher than that of
first order. Moreover, the calculated values of g, using second
order kinetic model agree well with the experimental data
of g,. This indicates that the experimental data observed in
this study are described well by second order kinetic model.
These results confirm that adsorption of BB by NiO NPs is
chemisorption as suggested previously in the thermody-
namic studies [48].

The kinetic parameters (K,, and C) of intra-particle
kinetic model were also computed and registered along with
regression coefficient values (R?) in Table 6. Values of R? for
most of the plots are smaller than 0.9 and the C values are
higher than 0. Furthermore, it can be observed from Fig. 11
that the plots were not linear over the full time range and
separated into two linear regions. This designates that the
adsorption of BB on NiO NPs has been performed by mul-
tiple steps. Additionally, the lines do not pass through the
origin, which proposes that intra-particle diffusion is not the
rate controlling step. Similar results have been reported by
Lafi and Hafiane [49].

3.6. Comparison of performance of NiO NPs with reported
adsorbents

The maximum adsorption capacities of NiO NPs along
with that of the other adsorbent have been used in the
literatures for removal of BB from aqueous media were

1.6

€35mg/L W65 mg/L

150 mg/L

log(q.-q,)

0 100 200 300 400 500 600 700 800
t (min)

Fig. 9. Pseudo-first-order kinetic model for adsorption of BB onto
NiO NPs.

60

®35mg/l. W65 mg/L 150 mg/L

0 L T T T 1
0 200 400 600 800

t (min)

Fig. 10. Pseudo-second-order kinetic model for adsorption of BB
onto NiO NPs.

summarized in Table 7 to demonstrate the importance of
NiO NPs used in this work comparing with others. This
table shows that NiO NPs have adsorption performance
higher than that of other which indicates that this adsorbent
NPs will meet a significant interest in the case of water puri-
fication activities.

4. Conclusion

This study focused the adsorption of BB on NiO NPs at
three different temperatures. First, NiO NPs were prepared
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Table 5
Pseudo-first and pseudo-second order parameters and experimental g, values for the adsorption of BB by NiO NPs at different initial
concentrations and 30°C = 1°C

Adsorbent C,(mg/L) Doenp (mg/g)  Pseudo-first order kinetic model Pseudo-second order kinetic model

q,..(mg/g) K, (h™) R? q, . (Mg/8) K, (g/mg min) R? Rate

NiO NPs 35 16.713 10.31 0.003 0.826 15.65 0.0012 0.998  0.019
65 28.183 16.41 0.003 0.715 28.49 0.0005 0993 0.014

150 59.409 37.06 0.004 0.974 60.24 0.0003 0.997  0.018

Table 6
Parameter values of intra-particle diffusion model for the adsorption of BB by NiO NPs at different initial concentrations and
30°C +1°C

Adsorbent C,(mg/L) Dpop (mg/g) Intra-particle diffusion kinetic model
Kdif (mg/hl/z g) C R2
NiO NPs 35 16.713 0.492 3.281 0.849
65 28.183 0.792 6.262 0.843
150 59.409 1.718 16.068 0.934
70 - Table 7
€35mg/L W65 mg/L 150 mg/L Comparison of adsorption capacity of NiO NPs used as adsor-
60 - bent in this study with other adsorbents towards BB
50 - Adsorbent 4. (Mg/) Sources
a-Chitin 2.72 [11]
% 40 - Sorel’s cement NPs 16.39 [23]
é Activated carbon 1.89 [50]
= 30 - Activated carbon 5121 05gof AC  [8]
" g m 4389 1.0gof AC
20 1 . e 2854 15gof AC
10 - " . ¢ 2345 2.0gof AC
1 I Alumina 636  25°C [22]
0 L4 : : : 570 30°C
0 10 20 30 564 35°C
456  40°C
vt (min) ' 292 45°C
Fig. 11. Intra-particle diffusion model for adsorption of BB onto Magnetic chitosan-— 28 9]
NiO NPs. graphene oxide composite
. » . . Polymeric gels 2.99 [12]
and identified ]:{y means of BE"lj analysis, TEM and XRD. Initial Hybrid gel 2640  25°C [13]
dye concentration, agitation time, solution temperature and o
pHhave significant effect on the adsorption performance. The 2600 50°C
adsorption optimal conditions are the temperature of 60°C, 2750 75°C
pH of 12 and 300 mg/L of adsorbate initial concentration. The Fe,0,~ZnO-ZnFe,0O,/ 90.91 [16]
results confirm the significant ability of NiO NPs to uptake carbon nanocomposite
the tested dye from synthesized wastewater. The Langmuir NiO NPs 5848 30°C Present
isotherm model is strongly able to fit and describe experi- 7937  45°C research
mental data with adsorption capacities of 58.48, 79.37 and 93.46  60°C
93.46 mg/g at 30°C, 45°C and 60°C, respectively. Adsorption
rate was quite fast and the experimental data are described
well by a second order kinetic model. Intra-particle diffusion Acknowledgements
8

mechanism was complicated in case of BB adsorption by NiO
NPs at each concentration. Thermodynamic parameters such The author extends his appreciation to the Deanship of
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