¢/ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2021.27387

229 (2021) 227-234
July

Zinc oxide nanoparticles for adsorption of potassium permanganate from

wastewater using shaking method

M. Rashad?®*, S.A. Al-Ghamdi®, Ahmed Obaid M. Alzahrani®9,
Khaled Al-Tabaa? Safar Al-Osemi?, Omar Al-Atawi? Naser Al-Anzi?,

Shams A.M. Issa*¢, Alaa M. Abd-Elnaiem®

“Nanotechnology Research Laboratory, Department of Physics, Faculty of Science, University of Tabuk, P.O. Box: 741,

Tabuk 71491, Saudi Arabia, email: m.ahmad@ut.edu.sa (M. Rashad),

"Physics Department, Faculty of Science, Assiut University, Assiut 71516, EQypt

“Center of Nanotechnology, King Abdulaziz University, Jeddah, Saudi Arabia

Physics Department, Faculty of Science, King Abdulaziz, University, Jeddah, Saudi Arabia
¢Physics Department, Faculty of Science, Al-Azhar University, Assiut 71452, Egypt

Received 21 December 2020; Accepted 2 May 2021

ABSTRACT

In this framework, nanostructured zinc oxide (ZnO) adsorbents were formed using the solid-solid
reaction method. The crystal structure and morphology of ZnO were investigated using the
X-ray powder diffraction and scanning electron microscopy techniques. The ZnO crystallized in the
hexagonal close-packed (hcp) structure, while the average crystallite size and particle size were
found equal to 22 + 5 and 55 * 10 nm, respectively. The adsorption efficiency of the ZnO nanopar-
ticles (NPs) for removing an extreme quantity of potassium permanganate (KMnO,) in wastewater
was investigated. The absorbance analysis was revealed that the adsorption of KMnO, dye reached
~32% in 140 min using the ZnO adsorbent by applying the shaking method. The experimental results
were tested by different kinetic models such as pseudo-first as well as pseudo-second-order, and
intra-particle diffusion models. Besides, various models including the Boyd and Elovic models are
applied to investigate the mechanisms of the removal of KMnO, from the wastewater using the
shaking method. The adsorption process is described well with the pseudo-second-order model
for ZnO NPs compared to other applied models. The performance of using ZnO NPs for remov-

ing the KMnO, from the wastewater using the shaking method was compared to other dyes and

removal methods found in the literature.
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1. Introduction

It is well-known that water covers most of the earth’s
surface (around 71%). Protection of water to be clean is
required for both humans, animals, and plants. The toxic
wastewater, as well as the infected waters, are the main sub-
jects that scientists and researchers work on to find friendly
environmental solutions. These days, water contamination

* Corresponding author.

becomes a serious problem as more than 2% of dyes pro-
duced from industries and factories are discharged directly
into aqueous effluent [1]. Synthetic dyes are being one of
the main reasons for water contamination and environ-
mental pollution, and their extensive application can cause
serious health hazards [2,3]. Azoic dyes are considered
more than 50% of textile dyes, and such dyes are recog-
nized by nitrogen p-bound [4,5]. It is assessed that over
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700,000 tons of dyes and pigments are created every year
around the world, and about 1%-20% of world dye items
go into material wastewater during the process of dyeing
[6-8]. The basic organic processes of the debasement and
discoloration on current dyes are insufficient on account
of the serious level of aromatic groups in dyes, resulting
in different ecological issues [7,8]. The material, paper,
food, corrective, and leather goods industries are largely
significant consumers of tri-phenyl-methane dyes [9]. The
common actual strategies, for example, utilizing filtration,
activated carbon, invert osmosis, and coagulation is expen-
sive; and hence do not corrupt the dye, but simply change
its phase [10,11]. Alternatively, progressed oxidation mea-
sures have been created to manage the issue of dyes pul-
verization in aqueous systems. The explores illustrate that
advanced oxidation processes dependent on photocatalysts
are effective. Moreover, this technique has organic com-
pound mineralization. Since the industry likewise utilizes
a significant measure of water in the cycles to shape excep-
tionally shaded industry effluent which has hazardous
effect in our biological system because of the presence of
these natural synthetics. So, it was important to find another
approach to eliminate colored dyes before releasing them
into the climate [12,13]. Numerous processes have been
proposed for taking out contaminations dye, for example,
reverse osmosis, adsorption, nano filtration, electrochem-
ical methods, biodegradation, etc. [14-19]. The different
customary advances utilized currently in the evacuation of
colored effluents in industrial water are old-style and do
not prompt the devastation of the dyes. These strategies
do not work efficiently because of the high dissolvability of
dyes; accordingly, they simply move the impurities starting
from one phase to another [18]. Hence, there is a need to
build up a novel treatment technique that is more effec-
tive in eliminating dyes. New processes, such as serious
oxidative and advanced oxidation are attractive processes.
Progressed oxidation measures are elective procedures for
destructing dyes in industrials. They were created to satisfy
the expanding need for an effective treating of wastewater.
These processes are dependent on the development of the
firmly oxidizing hydroxyl radicals (OH") [20].

Nowadays, expanding nanotechnology usages in
various fields still doubt the effect the NPs on the envi-
ronment. For example, Agarwal et al. [21] reported on
the removal of noxious Ni*? using composites of y-AlLO,
nanoparticles and multi-walled carbon nanotubes. Similarly,
photocatalytic degradation of amoxicillin from pharmaceu-
tical wastewater using NiO nanoparticle catalysts is inves-
tigated [22]. The kinetics, thermodynamics, and isotherm
investigation through the adsorptive removal of nitrate
from aqueous environments using CuO nanoparticle cat-
alysts are reported [23]. Besides, in our recent work, we
have used the shaking method with the presence of some
adsorbent and catalysts such as NiO, and CuO nanopar-
ticle catalysts for removing wastes such as methyl orange
(C,H,,N,NaO,S) from polluted water [24]. Potassium per-
manganate (KMnO,) can be used as an oxidizing agent for
cyanide compounds, the pharmaceutical industry, and for
environmental health safety and water treatment [25,26].
Although the usage of KMnO, for water treatments (e.g.,
removal of As and Fe ions), amongst others, there is a need

to remove the extraordinary amount of KMnO, due to its
toxicity to non-targeted species in water systems. Mahmoud
et al. [27] proposed a method to removing the trace of
KMnO, from the wastewater using the activated carbon
modified by various concentrations of H,SO, [27]. Another
method such as the photocatalytic degradation process and
using ZnO and MgO as a catalyst is applied for removing
the KMnO, from the wastewater [28].

Due to limited studies related to removing KMnO,
from wastewater [27,28], there is a direct goal for using
nanoparticles for efficient purification of water after using
the oxidizing agents in an extreme quantity such as KMnO,
for water treatment. In this work, ZnO NPs were prepared
by the solid—solid reaction method. Also, the contaminated
water by an extraordinary amount of KMnO, (as an exam-
ple of oxidizing agents) was cleaned by the adsorption tech-
nique in the presence of ZnO as an adsorbent. The removal
process of the KMnO, is assisted by the shaking method
of the wastewater at various times at room temperature.
Moreover, the adsorption efficiency and removal kinetics
for the decontamination of contaminated water by KMnO,
were assessed.

2. Experimental details

ZnO NPs were prepared by the solid-solid reaction
method at ambient temperature (30°C). For this purpose,
0.2 M ZnCl,2H,0 has been added to 0.5 M NaOH in a
crucible. The color of the mixed solutions was gradu-
ally changed from bluish to white color through 5-10 min
revealing the formation of the white color of ZnO NPs.
Then, the product was carefully washed using distilled water
in the furnace for 15 min.

The crystal structure of the prepared ZnO was investi-
gated using a Shimadzu XD-3A X-ray diffractometer (Japan)
with monochromatized CuK  radiation (A = 1.5418 A).
The surface morphology of ZnO was evaluated using a
scanning electron microscopy (SEM) Model SEM-JOEL unit.

The adsorption process of ZnO NPs was carried out
using KMnO, as waste material. A 1,000 mL volume of
KMnO, solution was prepared then diluted to a required
concentration of the used solutions. A fixed amount of ZnO
NPs (2 mg) was used. The prepared solution was soni-
cated for 10 min, then transferred to a shaking instrument
model (Lab. Tech) for different times over 2 h. The bot-
tle was shacked at a constant rotation speed of 150 rpm.
The UV-visible spectrophotometer model Jenway 6300 was
used to measure the absorbance at the wavelength range of
200-1,100 nm at room temperature.

3. Results and discussions

Fig. 1a shows the XRD chart of the as-prepared ZnO
that was prepared by the solid-solid reaction method.
All observed diffraction peaks revealed that the formed
ZnO crystallized in the hcp crystal structure. The average
estimated crystallite size using the well-known Scherrer
equation is around 22 + 5 nm. More details such as the crys-
tallite size, Miller indices of the diffraction peaks, strain, and
dislocation are determined elsewhere [28]. Fig. 1b shows
the top-view of SEM for the ZnO sample. It is generally
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observed that ZnO particles are spherical with an aver-
age estimated particle size 55 + 10 nm calculated using the
Image] software program. The estimated particle size con-
firms that the formed ZnO is in nanoscale which well agrees
with our previous study [28].

Fig. 2 shows the absorbance spectra versus wavelength
(A) during the removal of KMnO, using ZnO NPs as an
adsorbent at various shaking times (up to 140 min). It is
generally observed from the relationship between absor-
bance and A, a presence of two distinct maxima located
at A equals 524 and 545 nm which are characterizing the
absorbance of KMnO,. Besides, the radiation absorption
through KMnO, solution was decreased with increasing
time of shaking. The reduction in the absorbance con-
firms the assistant of ZnO NPs as an adsorbent for remov-
ing the KMnO, dye and hence the possible purification of
the wastewater using the shaking method.

The adsorption or the KMnO, removal efficiency (1)),
similar to other dyes such as methylene blue, and methyl
orange can be estimated using the following formulas [29]:

—_—
Q
e

Intensity (arb. units)

Fig. 1. (a) XRD chart and (b) top-view SEM image of ZnO
nanoparticles prepared by solid—solid reaction method.
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Here C, is the initial concentration of waste, C, is the
residual concentration of the waste after a shaking time
(t), A, is the initial absorbance of the waste, and A, is
the absorbance of the waste after a fixed shaking time.
Fig. 3 shows the efficiency (1) of removing KMnO, as waste
material as a function of shaking time (t) in the presence
of ZnO. As illustrated in Fig. 3, the estimated value was
significantly increased up to 24% as the shaking time was
increased to 40 min, meanwhile, was slightly increased up
to 32% for a further increase in the shaking time to 140 min.
The achieved values of adsorption efficiency using the
shaking method are greater than the degradation of KMnO,
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Fig. 2. Absorbance as a function of wavelength (A) of KMnO, with
ZnO nanoparticles as an adsorbent for various shaking times.
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Fig. 3. Adsorption efficiency (n) at various shaking times (f) of
KMnO, debasement using ZnO nanoparticles.
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using ZnO (17%) or MgO (25%) catalysts for 3 h [28]. It is
worth noting, the adsorptive removal of KMnO,-Mn(lI)
using modified activated carbon sorbents was changed
between 13%, and 100% depending on pH, contacting time,
sorbent dose, interfering ions, and the initial concentration
of KMnO, [27].

The adsorbed masses of KMnO, per unit mass of
ZnO NPs (g in mg/g) at any shaking time and equilibrium
were calculated by Egs. (2) and (3), respectively [30]:

Vv

q, :(Ci _Cz)w )
Vv
7.=(C=Cyy ©

where ¢, is the quantities adsorbed of KMnQO, at a time (f),
g, is the equilibrium quantities adsorbed of KMnO,, C, is
the initial KMnO, concentration solution (mg/L), C, is the
adsorbate concentrations (mg/L) at a shaking time (), C, is
the equilibrium adsorbate concentrations (mg/L), V is the
adsorbate volume of KMnO, solution (L), ~25 mL, and W
is the adsorbent mass (g). Fig. 4 shows the dependence of
g, of KMnO, using ZnO as an adsorbent at various shak-
ing times. It was observed that there is an enhancement
of g, as a function of shaking time. The behavior that
describes the relation between g, and ¢, is quite similar to
the relation between 1 and t. The observed behavior of
both mentioned relations reveals the increase of the com-
puted adsorption efficiency which agrees with the previous
studies [24,31,32].

Various models were utilized for analyzing the kinetics
of the adsorption experimental data such as the intra-particle
diffusion kinetic, the pseudo-first-order, and the pseudo-
second-order models can be presented as follows [33,34]:

q; = Ko Je+C 4)

qt (mg/g)
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Fig. 4. Adsorption capacity (q,) of KMnO, versus shaking time (t)
on the ZnO nanoparticles.
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where k. is the intraparticle diffusion kinetic model

(mg/g min)'?, k, and k, are the pseudo-first- and the pseu-
do-second-order (g/mg min), respectively, and C is the
kinetic parameter constant.

The obtained data are plotted based on Egs. (4)-(6) as
shown in Figs. 5-7, respectively. The value of various k,
k, and k. were estimated.

These values as well as the values of experimental
Dponp, and association coefficients (R*) values are evalu-
ated and listed in Table 1. The relation between g, and (t),
for the degradation process for KMnO, using ZnO NPs is
presented by a straight line as shown in Fig. 5. From the
fitted line, both values of k, and C for ZnO NPs are esti-
mated. The plot has a correlation coefficient (R?) value
of around 0.90. Therefore, these results indicate that the
intra-particle diffusion kinetic model could be suitable
for describing the adsorption mechanism (in the pres-
ent study) for the adsorption of KMnO, onto ZnO NPs.
The estimated value of k. and C is 3.62 mg/min'? g, and
5.1, respectively, for adsorption of KMnO, onto ZnO NPs
as listed in Table 1. This assigns that the adsorption of
KMnO, on ZnO NPs has been directed by a single step.

From these outcomes, it is acquired an understanding
of these outcomes with those which are accounted for in
the literature [35]. Fig. 6 shows the possible applicabil-
ity of the pseudo-first-order kinetic model for KMnO,
adsorption on the existence of ZnO NPs. Fig. 6 shows a
linear relation between log(q, — q,) and ¢ which in agree-
ment with Eq. (5), and accordingly the value of k, can be
determined from the slope of the fitted line.
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Fig. 5. Intra-particle diffusion model for KMnO, adsorption on
ZnO nanoparticles.
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The estimated value of k, was found to be equal to
1.4 x 1072, while the value of g, equals 32 mg/g as listed
in Table 1. The plotted relation between log(g, - g,) and ¢
has a correlation value R? = 0.85. Similarly, Fig. 7 illus-
trates the pseudo-second-order kinetic model for KMnO,
adsorption on the ZnO NPs. It illustrates a linear plot for
the relation of t/g, against t. As shown in Table 1, intercept
of the fitted lines, the value of k, is obtained and equals
1.8 x 107 g/mg min while g, equals 46 mg/g. In the
pseudo-second-order kinetic model, the coefficient of
correlation (R? equals 0.96 which is greater than the
evaluated value for the pseudo-first-order kinetic model
(0.85). According to the correlation value, the best model
that could be used to describe the adsorption mechanism
is the pseudo-second-order kinetic model when compared
to the other models. Or by other words, the experiment

1.8

=
-~
T

log (qe-qt)

1.0 |

0.8 1 1 1 1 1 1 \! 1
=20 0 20 40 60 80 100 12
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Fig. 6. Pseudo-first-order kinetic model for KMnO, adsorption
on the ZnO nanoparticles.

Table 1
KMnO, adsorption parameters on ZnO NPs

and calculated values of g, are closer for pseudo-second
than for pseudo-first, as shown in Table 1.

Another proposed equation for studying the adsorp-
tion of the investigated sample is called the Elovic equa-
tion. The mentioned equation, Eq. (7), is usually applied
in chemisorption kinetics of gases on solids. Besides, it can
be used for investigating the adsorption of solutes from a
liquid solution. The Elovic equation is presented in the
following expression [36]:

ln(ocB) + ln(t)

7
5 )

q: =

where o is the initial sorption rate (mg/g min), 3 is the
parameter of surface coverage and activation energy for

3.0
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Fig. 7. Pseudo-second-order kinetic model for KMnO, adsorp-
tion on the ZnO nanoparticles.
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Fig. 8. Plot of (a) g, versus In(t), and (b) B, versus the shaking
time (t) during the adsorption of KMnO, in the presence of
ZnO nanoparticles.
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Fig. 9. Semi-logarithmic graph of KMnO, concentration versus
shaking time in the presence of ZnO nanoparticles.

chemisorption (g/mg). B shows the relation between g,
and In(t) which shows a linear curve for the plotted data
and hence the good agreement with Elovic kinetic model.
The estimated value of o and @ for the adsorption of
KMnO, in the presence of ZnO NPs equals 9.75 mg/g min
and 0.12 g/mg, respectively, as listed in Table 1.

It is generally known that the adsorption process could
be described through various steps such as (i) solution
bulk transport, (ii) film diffusion, (iii) particle diffusion,
and (iv) particle and solid’s surface sorption and desorp-
tion [37]. The processes (ii), and (iii) are called the rate-lim-
iting processes while happening rapidly. Boyd et al. [38]
suggested a model be applied for investigating the diffu-
sion mechanism during the adsorption process, which is
mathematically written as follows:

B, =—0.4977 — ln[l - ”L] ®)
qe

Eq. (8) is a mathematical function of (g,/q,), and this
ratio gives the adsorbate adsorbed fraction at various
shaking times. According to the model of Boyd, in the case
that a linear plot of B, versus t passes through the origin.
It means that the diffusion of particle process is in process
control. On the other case, the diffusion could be consid-
ered as the rate-limiting step of the process.

The relation between B, versus t presented in Fig. 8b
and the plotted data illustrates a straight line that approx-
imately passes through the origin which means the par-
ticle diffusion process is in control and the process is the
dominant mechanism.

For more investigating for the adsorption activity of
Zn0O NPs, the constants of degradation rate KMnO, debase-
ment were ascertained using the well-known Langmuir—
Hinshelwood kinetics. The pseudo-first-order degrading
rate response is given from the following equation [39]:

1r{CfJ =—kKt=—k_t )
Co app

where k is the degradation rate, K is the adsorption equilib-
rium, and k_is the apparent rate kinetic constants.

Fig. 9 shows the plot of In(C/C,) versus the shaking time
(). The relation is given by a stralght line that well agrees with
Eq. (9) and this confirms that the KMnO, waste followed
fundamentally pseudo-first-order kinetics as discussed
before in Fig. 6. The determined value of k  was deduced
from the slope of the fitted line and equals "2.8 x 10*/min
(as shown in Table 1).

4. Conclusion

ZnO NPs were simply prepared by the solid-solid
reaction method and used as an adsorbent for removing
KMnO, dyes using the shaking method. The ZnO was
crystallized in the hcp crystal structure, meanwhile, the
average crystallite size and particle size were found equal
to 22 + 5 nm, and 55 * 10 nm, respectively. The adsorption
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activity parameters for ZnO NPs on the wastewater by
KMnO, were computed. It is concluded that the adsorp-
tion efficiency was 32% for ZnO NPs. Various models such
as Boyd and Elovic were applied to study the possible
mechanisms through the adsorption process. The best-fit
adsorption kinetic has been attained to the pseudo-sec-
ond-order model and compared to pseudo-first-order
and intra-particle diffusion kinetic models. Kinetics stud-
ies confirm that KMnO, adsorption onto ZnO NPs was
attributed to the chemisorption process. Moreover, the
proposed shaking method could be used efficiently for
removing the KMnO, dye from the wastewater similar
to other methods such as the photocatalytic degradation
method.
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