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REMOVAL OF FLUORIDE FROM AQUEOUS SOLUTION BY NICKEL
OXIDE NANOPARTICLES: EQUILIBRIUM AND KINETIC STUDIES
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Shahin Ahmadi,b'* Artur Marek Banach®
Awka, Nigeria; Zabol and Tehran, Iran; and Lublin, Poland

ABSTRACT: Fluoride (F) in high concentration is very hazardous to human health. The
efficacy of nickel oxide nanoparticles (NiO NPs) was investigated in this research as an
adsorbent for the elimination of fluoride from aqueous solutions. The effects of pH,
contact time, initial concentration of F, and adsorbent dosage on the performance of NiO
NPs in the removal of fluoride from aqueous solutions were investigated at room
temperature. Langmuir, Freundlich, Temkin, Koble-Corrigan, and Redlich-Peterson
adsorption isotherms were employed for the analysis of the adsorption process.
Maximum adsorption was achieved at 60 min at pH 5, an adsorbent dosage of 0.02 g/L,
and an initial fluoride concentration of 20 mg/L. The results also showed that fluoride
adsorption by NiO NPs was more compatible with the Freundlich isotherm (R? = 0.999).
and that the process followed the pseudo-second-order kinetic, Ho (type 1) (R? = 0.9999
and R? = 0.9997 at 20 and 25 mg/L fluoride concentrations, respectively). From the
results obtained, it can be concluded that NiO NPs can be used with high efficiency for
fluoride removal.

Keywords: Aqueous solution; Fluoride; Isotherm; Kinetic; Nickel oxide nanoparticles.

INTRODUCTION

The fluoride ion (F) is one of the soluble ions in agueous sources.t Fluoride
compounds are found in industrial applications and they are applied widely in the
production of semiconductors, fertilizers, high purity graphite, and aluminum.23 A
high concentration of fluoride can lead to dental, skeletal, and non-skeletal fluorosis.
Fluorosis weakens the skeletal and dental structures and in extreme casesit can result
in paralysis and death.* More than 30 million people have been affected by fluorosis
and 100 million people have been exposed to the risk of developing fluorosis.® The
long term effects of fluoride exposure and its accumulation not only result in skeletal
and dental risks but may also change the DNA structure and optimal power.>® The
upper level of fluoride in drinking water recommended by the World Health
Organization (WHO) is 1.5 mg/L.” A high concentration of fluoride is toxic and may
result in non-skeletal fluorosis with digestive disorders, liver impairment, and
endocrine damage including thyroid hormone disturbances and a decrease in growth
hormone.2 Fluoride has a great influence on the metabolism of some elements such
as calcium and potassium.® Fluoride contamination is a worldwide problem
especially in Africa, Asia, and the USA.10 Fluoride must be properly treated before
being discharged to water bodies.” Various methods, such as adsorption by activated
alumina, ion exchange, reverse osmosis, e€lectro dialysis, adsorption,
electrocoagulation, and chemical treatment, have been used for fluoride reduction but
most of them have some disadvantages such as high maintenance and operation
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costs, secondary contamination, and complexity of the refining method.16 physical
adsorption is an effective and affordable method. The adsorption of fluoride by
different adsorbents such as activated carbon have been studied.!’ Recently, some of
the features of metal oxide nanoparticles, such as high surface area and unusual
adsorptive properties, have led to an interest in nanoparticle synthesis and use.1® The
structural quality of elements would be better in nano di mensions.’® Nickel oxide
nanoparticles (NiO NPs) are a significant metallic oxide because of their magnetic
and chemical properties. The chemical and physical properties of nanoparticles are
related to the techniques used for their synthesis.?® Nanoparticles can used as a
catalyst in the oxidation of inorganic compounds.2>-2L Ultrafine NiO particles of the
same size are used widely in different fields such as in the production of films,
magnetic elements, ceramics, and batteries.

The main purpose of this study is to investigate the efficiency of NiO NPs in the
adsorption of fluoride from an agqueous solution. The adsorption process was also
studied by applying adsorption isotherm and kinetic models.

MATERIALS AND METHODS

Synthesis of nickel oxide nanoparticles (NiO NPs): The NiO NPs were prepared by
using NiCl,.6H,0 and NaOH as the starting materials and double-distilled water as
the dispersing solvent. The NiO NPs were prepared by the co-precipitation method
using previously described methods?? At first, 59412 g of NiCl,.6H,0O was
dissolved in 250 mL of double-distilled water as solvent to get a certain molar
concentration at room temperature. Then, the obtained solution was stirred
magnetically at 50°C for 40 min. Ten mL of NaOH with a certain molarity was then
added dropwise to the solution until the pH reached pH 8. The nanoparticles of NiO
were synthesized using the chemical reaction:

NiCL,.6H,0+ H,0 + 2NaOH —> NiO +8H,0 + 2NaCl

The obtained green gel was washed with distilled water and then ethanol to remove
any byproducts formed during the reaction process and dried at 60°C for 14 hr. The
dried samples were calcined (annealed) at 300°C for 2 hr to obtain NiO NPs. The
color of the sample changed from green to black because of the annealation process.

The properties of the studied nanomaterial were determined using a series of
analytical methods. Fourier-transform infrared spectroscopy (FT-IR) was done on a
JASCO 640 plus machine (4000-400 cm™!) at room temperature; X-ray powder
diffraction (XRD) was carried out on a D8 Advance X' Pert X-Ray diffractometer
(Bruker); field emission scanning electron microscopy (FESEM) was carried out
using a Mira 3-XMU instrument; and vibrating magnetometry (VSM) was analyzed
using a Kavir Precise Magnetic instrument (MDKFT, Iran).

Adsorption experiments. All the reagents used were of at least of analytical grade
and purchased from Merck, Germany. All the solutions were prepared using de-
ionized water. The adsorbent was added to each 1 L of water sample containing
various concentrations of fluoride (F). The pH of the water sample was adjusted by
adding 0.1 N HCI or 0.1 N NaOH. The adsorption process were studied by
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considering the effects of different parameters, such as pH (3, 5, 6, 7, and 9), contact
time (20, 30, 45, 60, and 100 min), initial F concentration (5, 10, 20, and 25 mg/L)
and NiO NPs dosage (0.02, 0.05, 0.06, 0.07, and 0.09 g/L). To create the optimal
conditions, a shaker with 150 rpm was used. The initial and final F concentrationsin
the solution were analyzed by a UV—visible recording spectrophotometer (Shimadzu
Model: CE-1021-UK construction, Japan) and was determined at a maximum
absorbance (Amgy) of 570 nm,?3 which is the characteristic wavelength of F. The pH
was measured using aMIT65 pH meter. The removal efficiency, %R, and the amount
of F adsorbed, g, (mg/g) were calculated based on the following formulas:?* 2

(Co _Cf)

0

%R = % 100 (1)

4. =(Co-Cx )

Where, Cy and C; are the initial and residual F concentrations, respectively. M is
the weight of NiO NPs (g) and V is the volume of the solution (L). Cg is the final
equilibrium liquid phase concentration of F (mg/g).

RESULTS AND DISCUSSION

Characterization of the synthetic nano NiO: Figure 1 shows the SEM image of the
NiO NPs. The working instrumental parameters of 5.997 mm working distance,
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Figure 1. SEM image of NiO NPs.
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The figure seems to be rough with sponge-like clusters and is also spherical in
shape. A high level of porosity was observed on the synthesized NiO NPs. Different
particle sizes of 17, 23, 30, 40, and 45 nm, with an average particle size of 31 nm,
were observed on the sample due to the fact that the NiO NPs can agglomerate due to
its high surface kinetic energy. The SEM image also indicates that the units used are
nanometers which implies that the NiO NPs are nanoparticles

The FTIR spectra of a nanoparticle of NiO is shown in Figure 2 (plot of IR
transmittance against wave number).
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Figure 2. FT-IR of NiO NPs

The FTIR analysis of NiO NPs indicates the presence of sharp and strong C — H
stretch bend of alkynes (619.63 cm™), the C — N stretch of aliphatic amines (1117.07
cm'1), and the C — C stretch of aromatics (1420.53 cm™), the N—H bend of 1x amines
(1632.44 cm™), and the C = N stretch of nitriles (2362.93 cm™) and the H—bonded O
—H stretch of alcohols (3445.82 cm™). The O —H stretch in alcohols, which isavery
strong and broad bond, was detected in the NiO NPs and they are important sites for
adsorption.?® The effect of the hydroxyl group (O — H) is experienced more because
the hydrogen bonding with other hydroxyl bonds does not exist in isolation and forms
astable structure 27 %8,

The value-stream mapping (VSM) is a lean-management method for analyzing the
current state and designing a future state for the series of eventsthat take a product or
service from its beginning through to the customer. Magnetization measurements of
NiO NPs were performed using VSM technique at fields of —8000 to 8000 emu/g
(before and after calcinations, respectively) and stored at room temperature which are
shown in Figure 3. It was observed that the NiO NPs with the smallest particle size
produced a higher value of saturation magnetization (0.8 emu/g).
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Figure 3. VSM hysteresis loop of magnetic nano-adsorbent

Effect of initial pH and adsorbent dose: The effect of differencesin pH (3—-9)
on the adsorption of fluoride (F) onto the NiO NPs with a contact time of 30 min,
an initial fluoride concentration of 20 mg/L, and an adsorbent dosage of 0.09 mg/
L are shown in Figure 4.
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Figure 4. Effect of pH on F adsorption onto NiO NPs. (Time: 30 min, dosage: 0.09 mg/L, initial F
concentration: 10 mg/L).

When the pH was increased from pH 3 to pH 5, the removal percentage
increased from 36.99 to 98.5 %, respectively. The removal percentage decreased
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when the pH was increased from pH 6 to pH 9. The amount of fluoride adsorbed
also increased from 37.39 mg/g to 49.7 mg/g when the pH was increased from pH
3 to pH 5. An increased amount of H*, a reduction of OH", and an increase of
positive ions reduce the efficiency of the absorbent surface®® F in agueous
solution has a negative charge and this results in an increase in the adsorption
efficiencgl at low pH. At a low pH, the adsorbent surface possesses a positive
charge.2® %0

The effect of the adsorbent dose on the removal of F was studied by varying the
dose of adsorbent from 0.02 to 0.09 g/L. From Figure 5, it is evident that the
adsorbent dose significantly influenced the amount of F adsorbed.
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Figure 5. Effect of adsorbent dosage on F adsorption onto NiO NPs. (Time: 30 min, pH: 5, initial
F concentration: 10 mg/L)

When the adsorbent concentration was increased from 0.02 to 0.09 g/L at an initial
F concentration 10 mg/L, the efficiency decreased from 98.75% to 96.5%. The
biosorption capacity (ge) of the NiO NPs also decreased from 39.5 to 2.2 mg/g when
the NiO NPs dosage was increased from 0.02 to 0.09 g/L. Infact, the level of deletion
significantly depends on the number of active sites and by increasing the dosage of
nanoparticles to an appropriate level, the number of available adsorption sites will
decrease as a result of a decreased adsorption capacity.°

Effect of contact time and initial F concentration: Figure 6 shows the adsorption
efficiency versustime at different F concentrations. The time of equilibrium was very
short. The maximum removal efficiency of the different fluoride concentrations was
observed at the contact time of 60 min. The removal efficiency was higher at the
earlier times. After this time, the slope of diagram slowed and at a specific time
reached equilibrium. The F adsorption in the initial minutes was high but, after a
while, the absorption rate decreased because of a reduced fluoride concentration and
a reduction of the active sites present in adsorbent surface.3! The active sites were
available in the initial steps and after starting the reaction, they were all occupied
with F molecules. The adsorption rate was decreased at the initial F concentrations of
20 and 25 mg/L because of a decrease in the active sites.3?
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Figure 6. Effect of time on F adsorption onto NiO NPs. (Dosage: 0.02 g/L, pH: 5)

Adsorption isotherms: Specifying the adsorption isotherms, the adsorption
capacity, and the potential of the adsorption materials used for removing
containments are considered to be some of the most important traits of the
adsorbing material. The experiments to determine the adsorption isotherms were
performed with an adsorbent amount of 0.02 g/L and a fluoride concentration of
20 mg/L at pH 5. The important parameter in designing the adsorption system is
the prediction of the adsorption capacity. This can be obtained by analyzing the
isotherm data. The adsorption isotherms equations used in the study are presented
in Table 1.

Table 1. The isotherm equations used in the study33’ 34,35

Isotherm model Linear expression Plot
F dlich 1 In sInC
T Logg, =—log C, +log k, Qe v e
¢, 11 C (Ce/qe) vs Ce
Type (I): —*=—.—+—
qe q'n kl qm
Type (I): - =L 4 ( 11< )CL 1/qe vs 1/Ce
Langmuir 9o 9 qml . G p
Type (I): ¢ =g —(—)2e Qe VS qe/Ce
ype (lD: ¢, =q,, S
Type (IV): Lo =K g —K,q, qe/Ce VS Qe
CG
Temkin q9,=q, MK, +q InC, qe vs In C,
Koble-Corrigan (1/g,) = (1/ A C.) )+ (Bye | Ayc)
(1/qe) vs (1/C. P)

Redlich-Peterson Ln[(4,,C,/q,)-11=ghC, +In B, Ln[(Agp Ce/qe)-1] vs In C,
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According to the obtained results (Table 2 and Figure 7), the experimental datais
more compatible with the Freundlich isotherm. The basis for choosing the
appropriate isotherm is the correlation coefficient, R%. The Freundlich adsorption
isotherm gave an R? value of 0.999, which is higher than the R? value of the other
adsorption isotherms. Moreover, if the variable 1/nisbetween 0 and 1, it indicates the
heterogeneity of the process and that the adsorption will be desirable.3

Table 2. Isotherms parameters obtained by linear regression method for the sorption of

fluoride by NiO NPs
Isotherms R’ parameters
Freundlich 0.999 Ky=0.41 (mg g")(L mg")1/n; I/n=1.057
Langmuir TypeI)  0.886 qm=1.63(mg g"); Ky =2(L mg™")

Type(Il)  0.5093 qm=1.16 (mg g™); K; = 0.14(L mg™)

Type(ll) 0.7297 qm= 1.9(mg g"l); KL=2.08(L mg'l)

Type(IV) 0.7062 qm=1.1(mg g™); K; = 2.6(L mg™)

Temkin 0.627 qm=7.63(mg g); Kr=3.4(L mg")
Koble-Corrigan 0.9311 Agc=1.95(mg g') (L mg™)P; Bxkc=1.81(L mg™")"; P=0.8
Redlich-Peterson 0.673 g=10.08; Brp=1(L mg™")g; Agp=2.9(mg g )(L mg™)
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Figure 7. Freundlich isotherm plot of fluoride adsorption on NiO NPs.

Adsorption kinetics study: Adsorption kinetics was defined as the mechanism of
adsorption with time. The models of Ho (Pseudo-second-order) and Lagergren
(Pseudo-first-order) were applied to fit the adsorption kinetics. The kinetic model
eguations are shown in Table 3. The comparison and assessment of the correlation
coefficient (R2) shows the best kinetic model in accordance with the adsorption
process. Table 4 shows the different values of the correlation coefficient achieved for
the four kinetic models. The pseudo-second-order kinetic (Ho, Type (1)) showed the
best correlation coefficient (R® = 0.9999 at Co=20mg/L) (Table 4 and Figure 8).
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Table 3. Kinetics parameters obtained by linear regression method for the sorption of
fluoride by activated NiO NPs.*’

Kinetic equations

Lagergren k
Lo —q)=logq, ———t
g(q. —q,) =loggq, 2303
Ho Type(I) 1 Lt
4. kq® q.
T 11 t .1 1
ype(1I) Lo
4, kgt q,
Type(I1I) 1 .gq,
¢, =q. ()

t qe kq t

e

Table 4. The linear adsorption kinetic model constants for the removal of F

Co(mg/l) Lagergren Ho (I) Ho (IT) Ho (I1I)

Qeep K g R K, g R K, ¢ R K g R?
20 985 0.017 429 04727 0.007 123 09999  0.66 124 0.614 0047 1245 0.849
25 1215 0012 27 04244 0.006 123 09997 047 0.12 0445 005 1246 0.844

0 50 100 150
t(min)

Figure 8. Pseudo-second-order, Ho (I) plot of fluoride adsorption on NiO NPs
Figure 8. Pseudo-second-order, Ho (1) plot of fluoride adsorption on NiO NPs.

CONCLUSIONS

In this research, we investigated the efficacy of nickel oxide nanoparticles (NiO
NPs) as an adsorbent for the elimination of fluoride (F) from its aqueous solutions,
including the effects of the pH, contact time, initial fluoride concentration, and
adsorbent dosage. Langmuir, Freundlich, Temkin, Koble-Corrigan, and Redlich-
Peterson adsorption isotherms were applied to fit the adsorption experimental data.
From the results, the adsorption efficiency was increased by increasing the pH from 3
to 5 but decreased from pH 6 to 9. The adsorption efficiency was increased as the
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contact time was increased. It was also found that with an increasing amount of NiO
NPs adsorbent, the removal efficiency decreased. Maximum F removal was achieved
at 60 min at pH 5, adsorbent dosage of 0.02 g/L, and an initial F concentration of 20
mg/L. The results revealed that the experimental data fitted the pseudo-second-order,
Ho (type 1) kinetic (R? = 0.9999 and R? = 0.9997 at 20 and 25 mg/L F concentrations,
respectively) and the Freundlich isotherm (R2 = 0.999) models. Based on the data
obtained in this study, it can be concluded that the adsorption of F by NiO NPsis an
efficient and reliable method for F removal from liquid solutions.
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