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REMOVAL OF METHYLENE BLUE
FROM WATER BY NiO-MODIFIED
SILICA GEL

The objects of the study are sorption materials based on commercial silica gel and nickel (II) oxide with different
mass ratios of NiO to SiOs: 1:1 and 0.5:1. To obtain such materials, expensive reagents and complex synthesis schemes
are not required. In addition, they are distinguished by chemical stability, controlled morphology and have a significant
number of reactive functional groups, which contributes to high adsorption capacity for various types of contaminants.

The morphology of composite sorbents was studied using the electron microscopy method, the presence of
a crystalline phase of nickel oxide on the amorphous surface of silica gel was investigated by X-ray phase analysis,
and the successful application of a layer of nickel-containing compounds was confirmed by infrared spectroscopy.

The main parameters of the mesoporous structure of the samples were determined by the method of low-temperature
nitrogen adsorption/desorption. It was found that with an increase in the amount of the deposited oxide layer, the spe-
cific surface area and pore volume of the obtained sorbents decrease by 1.5—2 times compared to the original silica gel.

The physicochemical features of the extraction of methylene blue dye by nickel-containing composites based on silica
gel were studied. It was found that modification of the SiO; surface with nickel (IT) oxide leads to an increase in the
sorption capacity of materials in relation to cationic dyes. It was shown that the highest sorption capacity is possessed
by a sample with a mass ratio of NiO to SiOs equal to 0.5:1. The maximum sorption value is 21 mg/g, which is almost
2 times higher than that for the original silica gel. The adsorption kinetics is adequately described by pseudo-first
and pseudo-second order models, which indicates a high affinity of methylene blue with the surface of such samples.

Junjie Yu,
Viktoriia Tohilko

The results obtained indicate that the obtained sorption materials based on commercial silica gel and nickel (II)
oxide can be used in the purification of water contaminated with organic cationic dyes.
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1. Introduction

The demand for fresh water is constantly increasing
along with the increase in population and the improve-
ment of living standards. The reserves of clean fresh wa-
ter, which are provided by both surface and underground
water resources, are decreasing due to their pollution by
inorganic and organic substances and limited availability.
One way to solve this problem is to treat industrial waste-
water from toxic pollutants to a level that allows them
to be discharged into the natural aquatic environment.

Many industries, such as textile, cosmetic, paper, printing,
chemical, etc., use various synthetic dyes to dye their pro-
ducts. As a result, wastewater is formed, which is a potential
hazard to the environment and poses a serious threat to
human health and other living organisms [1]. Most organic
dyes are toxic, have carcinogenic and mutagenic effects on
living organisms and negatively affect the photosynthesis
processes of aquatic biota [2—4]. Due to their limited bio-
degradability, organic dyes are mainly removed from the
aquatic environment. Various technologies are used for this
purpose, including ion exchange, chemical precipitation, bio-
sorption, filtration, reverse osmosis, and adsorption [5, 6].

Adsorption has attracted much attention from researchers
due to its high efficiency, low cost, and ease of use. The
most important part of the adsorption process is the selec-
tion of adsorbents. Various adsorbents are proposed for the
effective removal of dyes. Thus, the most common adsorption
material is activated carbon [7], which is characterized by
a large surface area, high chemical stability, and excellent
adsorption capacity. Sorption materials based on activated
carbon effectively adsorb a wide range of cationic and anio-
nic dyes from water [6]. However, the costs of production
and regeneration are still relatively high, which limits its
widespread use. Therefore, researchers have drawn attention
to other adsorbents that are equally effective at a much
lower cost. These include adsorbents obtained from agricul-
tural waste (rice husk, coconut shells, sawdust, etc.) [8, 9].
For example, cationized cellulose has been obtained from
rice husk, which exhibits a high adsorption capacity for the
adsorption of anionic dyes [10]. A sorbent based on biochar
obtained by pyrolysis of sugarcane processing waste activated
by alkali effectively removes cationic dyes from water [11].
These methods provide valuable ideas for the development
of inexpensive and effective adsorbents, but they require
a large amount of natural raw materials, which limits their
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widespread use. At the same time, their adsorption capa-
city significantly depends on the synthesis process and
the type of dye.

Among inorganic materials, silicate-based sorbents can
be included in a separate group. They are promising ad-
sorbents for the removal of dyes due to their high chemi-
cal and mechanical stability, low cost, availability and
structure, which allows modifying their surface by various
methods to increase reactivity [12, 13]. It is known that
metal oxides exhibit adsorption and photocatalytic ability
to organic pollutants, including synthetic dyes [14-16].
There are also works that present the results of effective
adsorption of dyes by composite materials based on metal
oxides and silicates, including using amorphous forms of
silica [17, 18].

Therefore, the aim of this study is to obtain an adsorbent
based on commercial silica gel with a nickel oxide layer
applied for the removal of the organic dye methylene blue
from aqueous solutions. Studying the morphology, structural
and sorption characteristics, and physicochemical features of
the obtained materials will allow for their targeted synthesis,
which will contribute to obtaining effective materials with
unique properties.

2. Materials and Methods

2.1. Materials

To obtain sorption materials, the following were used:
commercial silica gel (SiO3) with a particle size of 230—
400 mesh, nickel nitrate (Ni(NO3)y-6H50), 65 % nitric
acid (HNOs3) and sucrose (99.9 %), which were purchased
from Sigma-Aldrich (USA).

2.2. Instruments and analytic methods

The morphology of the samples and the elemental
composition of the composites were studied using Nova
Nano SEM450 scanning electron microscope (USA). The
crystal structure of the modified materials was analyzed on
D8 Advance X-ray diffractometer (Germany). The pres-
ence of functional groups on the surface of the sorbents
was studied using an infrared spectrometer model Bruker
Vertex 70 (Germany). The parameters of the porous struc-

Ni(NO,),"6H,0 Sucrose

ture of the synthesized samples were determined by the
method of low-temperature nitrogen adsorption-desorption.
The obtained data were processed using the specialized
software Quantachrome NovaWin version 11.04. The specific
surface area (Sggy, m2?/g) was calculated by the multi-
point Brunauer-Emmett-Teller method, and the total pore
volume (Vz, cm3/g) was determined by the maximum ad-
sorbed volume of nitrogen at a relative p/po=1 (0.99).

The adsorption capacity of the obtained samples was
evaluated on model solutions contaminated with methylene
blue. The study was carried out at room temperature un-
der static conditions and continuous shaking on a shaker
for 1 hour. A 0.1 g sample of the studied material was used
for the sorption experiment. The volume of the solution
was 50 cm3. After establishing the adsorption equilibrium,
the liquid phase was separated from the solid phase by
centrifugation and the equilibrium concentration of the
dye in the aqueous phase was determined spectrophoto-
metrically. The optical density of the solutions was de-
termined on UNICO-UV 2100 spectrophotometer (USA)
at A=665 nm and an absorbing layer thickness of 1 cm.
The adsorption value (a, mg/g) of methylene blue was
calculated by the formula:

C. —-C))-
a:( m 6) V’
m

()
where C;, and C, — the initial and equilibrium concentra-
tions of methylene blue (mg/dm?); V — the volume of the
solution (dm?); m is the mass of the adsorbent (g).

2.3. Preparation of silica gel modified with nickel oxide

Sorption materials were synthesized according to the
modified method described in [15]. Fig. 1 schematically
depicts the process of sorbent synthesis.

First, 2 wt. % aqueous suspension of SiOy was prepared.
Then, while continuing to stir with a magnetic stirrer, the
calculated amount of Ni(NOj3),-6H,0 and sucrose was added
sequentially. The mass ratio of NiO to SiO, was 1:1 and 0.5:1.
After complete dissolution of the reagents, several cm?® of
HNOj3 were added and the mixture was stirred for 30 minu-
tes at room temperature.
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Fig. 1. Scheme of preparation of a sorbent based on silica gel modified with nickel oxide
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The next stage of synthesis consisted of several suc-
cessive stages of temperature treatment at 110 °C, 250 °C
and 800 °C. After holding at 110 °C, the samples resembled
biscuit cakes in appearance. The temperature of 800 °C
corresponds to the thermolysis process in air, which was
carried out at a heating rate of 7 °C/min and holding at
the maximum temperature for 3 hours. For further stu-
dies, the fired samples were crushed and sieved to obtain
a fraction <0.315 mm.

Fig. 2 shows images of the microstructure of commercial
SiO, and synthesized samples SiO,-0.5NiO and SiO,-NiO.

Fig. 2. Characterization of the obtained materials:
a, b — SEM images of Si0p;, ¢ — SEM images of 5i02-0.5Ni0;
d — SEM image of Si0-Ni0

It can be seen that the particles of the initial silica gel do
not stick together and have an irregular shape (Fig. 2, a, b).
After modifying its surface with nickel oxide (SiO,-0.5NiO
sample), the formation of a NiO layer is observed (Fig. 2, ¢).
The presence of this layer is possible due to the fact that
SiO; and NiO are charged oppositely — negatively and
positively, respectively, which allows nickel oxide particles
to remain on the SiO, surface due to the attraction of
charges [17]. It can also be seen that not the entire sur-
face of the silica gel is completely covered with nickel
oxide (Fig. 2, ¢, highlighted in orange), due to which
both silica gel and nickel oxide can participate in the
dye adsorption process. With an increase in the amount
of deposited NiO (SiOy-NiO sample in Fig. 2, d) it is
possible to observe an almost completely covered SiO,
surface, which indicates that further increasing the amount
of nickel oxide is no longer of practical importance.

Fig. 3 shows the elemental analysis of the SiO,-0.5NiO
sample. It can be seen that the element Ni is evenly distribu-
ted on the surface of the material, which indicates that nickel
oxide is evenly deposited on the surface of the silica gel —
silica composite material filled with nickel oxide.

In addition, all three elements Si, O are also evenly
distributed in the composite sorption material, which fur-
ther proves its successful synthesis.

To obtain information about the functional groups that
are on the surface of the original silica gel and what changes
occur to the surface during modification, IR spectra of
the samples were obtained, which are presented in Fig. 4.
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Fig. 3. EDS mapping characterization of 5i0-0.5 Ni0
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Fig. 4. FTIR images of the obtained materials

It was found that all three materials are characterized by
a weak peak at 1635 cm~!, which is due to the vibrations
of hydroxyl groups (H-O-H) [19]. In addition, the peaks
shown at 1093 cm~! and 803 cm™!, on the other hand,
correspond to asymmetric vibrations of Si-O-Si bonds [20].
Only in the IR spectrum of silica gel, a silica-specific peak
of Si-OH bonds at 966 c¢cm™' is observed. For the com-
posite samples SiO,-0.5NiO and SiO»-NiO, the intensity
of this peak weakens with an increase in the amount of
deposited NiO, which confirms the successful completion
of the modification [21]. In addition, the presence of a crys-
talline phase of nickel oxide on the surface of silica gel is
confirmed by X-ray phase analysis. For the SiO-0.5NiO
and SiO5-NiO samples, characteristic peaks for NiO are
observed at 20=37°, 43°, 62°, 75° and 79°, corresponding
to the (222), (400), (440), (622), (444) planes, respec-
tively (JCPDS database map No. 89-5881) and a broad
peak at 20=22° characteristic of SiO, in the amorphous
phase [22].

Nitrogen adsorption-desorption isotherms on the original
silica gel and modified samples belong to type IV isotherms
according to the TUPAC classification, which is typical for
materials with a mesoporous structure and a pore size in
a narrow range, about 2.5-3 nm. It was found that after
applying a nickel oxide layer to silica gel, the specific surface
area and pore volume decrease significantly. Thus, SiO,
has a specific surface area of 411 m?/g and a total pore
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volume of 0.746 cm3/g. The same values for Si0,—0.5NiO
and SiO»—NiO are 256 m?/g and 0.387 cm®/g and 186 m?/g
and 0.290 cm?3/g, respectively, which indicates that the pores
are partially blocked by NiO particles or NiO agglomerates
are formed on the pore walls [22].

Fig. 5 shows the dependences of the sorption values
of methylene blue on the time of contact with the sorp-
tion materials.

120 180
T, min

Fig. 5. Adsorption kinetics of methylene blue adsorption by the obtained
materials: 1 — Si0y; 2 — Si0,-Ni0 (1:1); 3 — Si0p-Ni0 (1:0.5);
4 — pseudo-first-order; 5 — pseudo-second-order

The results indicate that at an initial dye concentration
of 20 mg/dm? all the studied materials adsorb methylene
blue cations quite quickly. The equilibrium state occurs
practically within 15-30 minutes, and 1 hour is quite suf-
ficient for adsorption experiments. The analysis of kinetic
curves was carried out using pseudo-first and pseudo-second
order kinetic models. Table 1 shows the calculated parame-
ters of the corresponding equations. The obtained data
show that the correlation coefficients of all materials have
a very high correspondence to the kinetic models of both
orders and are close to 1 (R%?>0.99).

Fig. 6 shows the adsorption isotherms of methylene
blue on the original SiO, and modified samples based on it.
The results obtained indicate that the sorption capacity
of SiO, with respect to dye ions is somewhat lower than
on composite sorbents. It is found that all materials effec-
tively adsorb dye cations from the solution at low initial
concentrations, which is due to the presence of a sufficient
number of active adsorption centers on the surface.

With an increase in the dye concentration in the solu-
tion, the surface of the sorbents gradually becomes saturated
and at a certain content of the pollutant in the solution,
the sorption value no longer increases. It is shown that the
maximum adsorption capacity of silica composites after ap-
plying NiO increases compared to the original silica, and the
efficiency of SiO5-NiO (1:0.5) is higher than SiO,-NiO (1:1).

0 5 10 15 20
Cp, mg/dm?

Fig. 6. Adsorption isotherms of methylene blue by the investigated
samples: 1 — Si0,-NiO (1:0.5); 2 — Si05-NiO (1:1); 3 — Si0y;
4 — Langmuir model; Freundlich model

The experimental data were tested using Langmuir
and Freundlich models, respectively, and the equations for
the two isotherm models are expressed as follows:

— Langmuir:

C. 1 C.

4 4K a, @
— Freundlich:

lnqe:%lnCeHnKF, 3)

where C, (mg1~!) — the equilibrium concentration of the
heavy metal ions; g, (mg-g~") — the equilibrium adsorption
capacity of the heavy metal ions adsorbed on the adsorbent;
qm (mg-g™') — the maximum adsorption capacity of the
adsorbents; K; (I'mg™") and Ky (mg-g"') — the Langmuir
and Freundlich constants, respectively; n — the constant
related to the heterogeneity of the adsorbent sites [23].

The Langmuir model, according to

Tahle 1 the calculated correlation coefficients,
Kinetic parameters adsorption of methylene blue on the obtained materials better describes the obtained isotherms
Pseudo-first-order Pseudo-second-order than the. Fr.eundlich model (Table 2).
Sample mea) | & @) | & T PR —T R This indicates that the surface of the
% Mgy 1 (min) % (mgg z 99 obtained sorbents is energetically homo-
5i0; 9.1310 0.1338 | 0.999 9.394 0.0435 0.997 geneous and in the process of Incthylcnc
Si0p-Ni0 (1:1) | 97568 | 01796 |0993| 9.940 0.0759 0939 | blue adsorption, a monolayer of pollu-
Si0,-Ni0 (1:0.5) | 99248 | 02388 |0999 9992 0.2088 pogg | fant molecules is presumably formed on
the surface.
Tahle 2
Fitting parameters for methylene blue adsorption removal isotherms
for the investigated samples
Langmuir Freundlich
Sample
I (mg-g™) £ (lmg™) B2 Er (mg-g™) n A2

Si0, 12.636 1.426 0.983 6.528 2.91 0.959

Si0,-Ni0 (1:0.5) 19.259 6.613 0.876 12.670 5.63 0.836

Si0,-Ni0 (1:1) 15.286 3.458 0.974 9.458 5.09 0.869
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Research limitations. To implement the obtained results
in practice, it is necessary to conduct research into the
main physicochemical features of the removal of organic
dyes from industrial wastewater. To scale up the sorp-
tion technology using the materials obtained in the work,
a simple and affordable method for the synthesis of granular
adsorbents should be developed, which will significantly
improve the manufacturability of the purification process.

The conditions of martial law in Ukraine affected the
conduct of these studies, because obtaining scientific results
was complicated by power outages and practically stopped
when receiving the "Air Alert" signal. In addition, the
purchase of reagents from abroad and the implementation
of instrumental research methods required funding, which
has significantly decreased since the beginning of the full-
scale invasion of Russia into the territory of our state.

In further research, more attention should be paid to
the production of granular adsorption materials based on
available aluminosilicate raw materials and the study of the
features of the removal of both cationic and anionic organic
dyes from real wastewater, which may contain a complex
mixture of pollutants. For this, it is necessary to improve
the structural and sorption characteristics and selectivity of
the obtained adsorbents by applying a mixture of various
metal oxides to the inorganic matrix, which will significantly
increase the adsorption capacity of such materials. It is also
advisable to investigate the possibility of regenerating the
spent material for the purpose of its reuse.

4. Conclusions

Sorption materials based on commercial silica gel and
nickel oxide with different mass ratios of components were
obtained. Analysis of structural and sorption characteristics
showed that the obtained samples retained the mesoporous
structure of the original matrix after applying the modi-
fier layer. At the same time, the specific surface area and
average pore radius decreased slightly compared to the
original sample. It was found that the removal of methy-
lene blue from the solution by the synthesized materials
occurs quite quickly, and the maximum adsorption capacity
is possessed by SiO,-NiO (1:0.5). However, the issues of
effective phase separation after sorption and the possibility
of regeneration of the spent material remain unresolved.
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