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KEYWORDS Abstract In current research, nano-scaled Li,B407/NiO/Ni3(BOs), (LiBNi) composites were fab-
Nanocomposite; ricated through improved pechini sol-gel method for advanced photocatalytic applications to
Pechini sol-gel; remove dye contaminations of drinking water under UV/Visible irradiation. To optimize LiBNi
Photocatalytic activity; nanocomposites properties, different complexing agents including ethylenediaminetetraacetic acid
Complexing agent; (EDTA), citric acid, tannic acid, tartaric acid and phthalic acid were utilized in pechini sol-gel pro-
Li,B,07/NiO/Ni3(BO3), cess. Various sizes and morphologies of Li,B407/NiO/Ni;(BO3), nanocomposites obtained that

were characterized by SEM and TEM techniques. Also, to confirm crystalline and structural fea-
tures of nano-sized LiBNi samples, analyses of X-ray diffraction (XRD), Fourier transform infra-
red (FT-IR) and energy dispersive X-ray (EDX) were performed. By consideration of UV-Vis data,
band-gap of LiBNi nanocomposites premeditated is 3.35 eV. Moreover, photocatalytic degradation
of Li,B407/NiO/Ni;(BO;), nanocomposites was examined via UV/visible waves in aqueous solu-
tion for degradation acid red 88 pollutant after 90 min. Some operative factors such as nanocatalyst
concentration and irradiation type for optimized LiBNi nanocomposites were assessed for removal
of drinking water contaminant.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nowadays, one of the important tension of the environment is the
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are numerous processes to take away non-natural dye pollutants from
water source including nanofiltration (Fujioka et al., 2021; Shen et al.,

il 2021), biosorption (Nathan et al., 2021; Ighalo and Eletta, 2020), por-
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Table 1 Li-B-Ni nanostructures fabricated in diverse experimental conditions.

Sample Complexing agent (CA) EG:CA:M molar ratio CA structures
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Oy OH
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HO' OH
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HO OH MO
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m—@—gAd-o brm HO OH
HO OH
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HO OH
OH O
LiBNi4 Tartaric acid 1:1:1
LiBNi5 Phthalic acid 1:1:1
LiBNi6 EDTA 1:0.5:1 -
LiBNi7 EDTA 1:2:1 -

ible catalytic process (Aadil et al., 2021; Wang et al., 2021). Due to low
cost, low energy consumption and environmental friendly of photocat-
alytic degradation method, this way has been highly regarded by scien-
tists (Saravanan et al., 2020). In UV-Visible assisted catalytic route
after absorbance of UV/Visible radiation by semiconductor nanomate-
rials, the created electron/hole form various oxidant components of
OH®, O3 and H,O,. Finally, active components convert poisonous
contamination dyes into harmless CO, and H,O (Zhang et al.,
2021). Recently, solid powders with suitable band gap as a semicon-
ductor in nano scale are utilized to removal dye pollutant such as bin-
ary oxides (Mirzaei et al., 2021; Kambur et al., 2012), ternary oxide
nanocomposites (Altin et al., 2021), oxyhalides (Arumugam et al.,
2021; Arumugam and Choi, 2020; Arumugam et al., 2021) and carbon
nanocomposites (Dashairya et al., 2021; Sayadi et al., 2021). The struc-
tural stability, chemical structure and physical properties of nano pow-
ders are significant elements for the selection of photocatalytic
materials. The choice of appropriate active nanocatalyst materials
and the design of an improved structure are necessary for attaining
high performance in photocatalytic degradation activity. Conse-
quently, metal oxide-supported nanomaterials with favorable band-
gap as the semiconductor are crucial opportunities to design the poten-
tial active nano-catalysts. Nano-scale structure semiconductors with
altered chemical compositions have been manufactured for the photo-
catalytic application via chemical processes include sonochemical
(Masjedi-Arani and Salavati-Niasari, 2016), precipitation (Ajeesha

et al., 2021), microwave (Lu et al.,, 2014), pechini sol-gel method
(Ranjeh et al., 2020) and hydrothermal (Guo et al., 2020) routes. In
Pechini sol-gel route as an efficient method, distributed metallic ions
in polymeric system including complexing agent and polyol are heated
to attain promising dimensions and morphology nano-products. The
pechini technique comprises creating a polymer gel by mixture of
cations, polyalcohols and hydroxycarboxylic acids. Chelation and
polyesterification procedures take place, then the obtained viscose
gel is dried and annealed to yield oxide nanomaterials (Choura-
Maatar et al., 2020). In recent years, NiO along with other semicon-
ductor oxides has been evaluated as a photocatalyst due to ideal prop-
erties (Ma et al., 2021; Rao et al., 2021). Gue et al reported fabrication
of flower-like g-C;N4/NiO/Ni3(BOs), by thermal conversion strategy
and considered photocatalytic activity for methylene blue and tetracy-
cline removal (Guo et al., 2021). Also, Li based boron oxide nanoma-
terials have considered in photocatalytic process by our research team
(Ranjeh et al., 2021).

The current research proposes a simple improved pechini sol-gel
way to production of Li,B40,/NiO/Ni3(BOs), (LiBNi) nanocomposite
in presence of various complexing agents of EDTA, citric acid, tannic
acid, tartaric acid and phthalic acid, for the first time. By alteration
complexing agent type, dissimilar sizes and morphologies of nanocom-
posites were accomplished. Following that, photocatalytic activity of
optimized Li,B407/NiO/Ni3(BO3), nanocomposites was investigated
for removal of acid red 88 dye in waste water by UV and visible light.
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Scheme 1
and their photocatalytic performance.

The diverse parameters such as irradiation type and nano-catalyst con-
centration were considered to achieving developed photocatalytic
proficiency.

2. Experimental

2.1. Improved pechini sol-gel fabrication of LiBNi
nanocomposites

To synthesize of Li,B40;/NiO/Ni3(BO3), nanocomposites,
starting precursors including Ni(NOs3),-6H,0, Li,CO;
Mw = 73.89 g/mol, >99.0%), H;BO; (Mw = 61.83 g/mol),
ethylene glycol (EG), EDTA, citric acid, tannic acid, tartaric
acid and phthalic acid were commercially accessible and uti-
lized without additional development. In the first step, precur-
sors of Ni(NO3),-6H,0, Li,CO3 and H;BO; were dissolved in
H,0 and then combined together. Afterwards, ethylene glycol
and complexing agent with suitable molar ratio were added to
previous clear solution. After heating the final solution under
magnetic stirrer at 80 °C, gel-like material is formed and fol-
lowing that, was placed in an oven at 90 °C for 4 h. Finally,
the obtained gel sample was annealed at 700 °C for 4 h. To
achieve optimum product properties for advanced photocat-
alytic performance, the experimental examinations carried
out in different conditions. The effect of complexing agent type

Illustration plan of optimum LiBNi nano powders prepared via pechini sol-gel route in presence of EDTA complexing agent
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Fig. 1 XRD pattern of Li-B-Ni nanostructures fabricated
through tartaric acid complexing agent (LiBNi4).

and molar ratio of ethylene glycol:complexing agent:metals
precursors (EG:CA:M) was considered and the achieved data
for synthesis of LiBNi nanocomposites have been resumed in
Table 1. Schematic of preparation of Li,B407/NiO/Ni3(BOs),
nanocomposites by improved pechini method has been
exposed in Scheme. 1.

Table 2 The complete information about the obtained Li-B-Ni nanostructures from XRD diffractogram.

Compound JCPDS No Crystal phase Space group Cell constants (A)

a b ©
NiO 75-0197 Cubic Fm-3m 4.1700 4.1700 4.1700
Li,B40; 40-0505 Tetragonal 141cd 9.4700 9.4700 10.2790
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Fig.2 SEM nano and micrographs of Li-B-Ni nanostructures fabricated in presence of (a—j) diverse complexing agents of EDTA, citric
acid, tannic acid, tartaric acid and phthalic acid, correspondingly.

2.2. UV-Visible catalytic measurements acid red 88 pollutant in drinking water under UV/visible
radiations. According to previous works, maximum wave-

The UV-Visible sensitive catalytic role of Li,B,0,/Ni0/  length (Ama) was measured 505 nm (Bankole et al., 2018).
Ni3(BO3), nanocomposites was considered for removing of The several characters were evaluated in order to increase of
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Fig. 3 SEM npictures of Li-B-Ni powder fabricated in different EG:CA:M molar ratios (a, b) 1:0.5:1 and (c, d) 1:2:1.

UV/visible-degradation efficacy including nanocatalyst con-
centration and irradiation category. At specific times, the
absorbance of nanocomposite samples was documented by
UV-Visible spectrophotometer. The UV/visible-degradation
process efficiency was computed by the mentioned relation
of Nphotocatatytic = [(Co — C1)/Co] * 100 that C is concentration
of solution at beginning time and after passing the defined
time. UV source (Osram ULTRA-VITALUX 300 W) involv-
ing of UVA (A: 320 to 400 nm) and UVB (A: 290-320 nm)
was used to consider photocatalytic process.

3. Results and discussion

To evaluate the crystalline phase structure of Li-B-Ni material
prepared via improved pechini sol-gel route, XRD diffrac-
togram of Li-B-Ni nanostructures fabricated in presence of
tartaric acid complexing agent has been displayed in Fig. 1.
The obtained nano sample consists of a combination of
Ni3(BOs3),, NiO and Li,B4O; nanocrystals. Nickel Borate
(Ni3(BO3),) with orthorhombic crystal system and JCPDS
No of 70-0956 has the main peaks at 2theta of 22.62, 25.91,
33.84, 36.48 and 40.53° related to (011), (110), (112), (103)
and (211) plans, respectively. One of the other components
of nanocomposite is cubic NiO (JCPDS No = 75-0197) by

three sharp peaks at 2Theta of 37.3, 43.3 and 63° associated
to (111), (200) and (220) plans, correspondingly. Tetragonal
Lithium Borate (Li,B407) with mineral name of Diomignite
(JCPDS No = 40-0505) has growth plans of (112), (022),
(123), (132) and (332) related to 26 of 21.82, 25.46, 33.64,
34.65 and 44.26°. The complete information about the
achieved crystalline phases have been briefed in Table 2. Crys-
talline size of LiB407/NiO/Ni;(BO3), (LiBNi) nanocomposite
grain via Scherrer equation (Masjedi-Arani and Salavati-
Niasari, 2016) was computed 36.38 nm.

One of the important factors in optimization of product
morphology and size in pechini sol-gel method is changing
of complexing agent. In this research, various complexing
agents of EDTA, citric acid, tannic acid, tartaric acid and
phthalic acid with different functional group numbers were
selected. The chemical structures of all utilized chelating agents
to synthesize of Li-B-Ni powder have been exhibited in Table 1.
SEM nano and micrographs of Li-B-Ni nanostructures pre-
pared in presence of diverse complexing agents of EDTA
(LiBNil), citric acid (LiBNi2), tannic acid (LiBNi3), tartaric
acid (LiBNi4) and phthalic acid (LiBNi5) have been illustrated
in Fig. 2a—j. As observed in Fig. 2a, b, Li,B40,/NiO/Ni;(BO3),
nanocomposites created through EDTA complexing agent
have rod-like structures with length size about 100-850 nm
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Fig. 4

and width size around 20-50 nm. LiBNi materials fabricated
by citric acid are the large structures grown in different direc-
tions (size ~ 1-1.5 pm) that have been presented in Fig. 2¢, d.
Fig. 2e, f display spherical particles of LiBNi3 sample with
approximate size of 100-800 nm that were synthesized in exist-
ing of tannic acid complexing agent. When tartaric acid was
utilized as chelating agent in pechini process (LiBNi4), uni-
form nanoparticles with size of 40-90 nm were synthesized
(Fig. 2g, h). Non-uniform structures with dissimilar morpholo-
gies and dimension were prepared with phthalic acid gelating
agent (LiBNi5), that SEM pictures of them have been shown
in Fig. 21, j.

Fig. 3a—d represent SEM pictures of Li-B-Ni powders fab-
ricated in different EG:CA:M molar ratios of 1:0.5:1 and 1:2:1,
respectively. As observed in Fig. 3, decreasing or increasing of
used complexing agent amounts cause the formation of
agglomerated structures. The ideal EG:CA:M molar ratio is
1:1:1 that rod-like structures were fabricated (Fig. 2a, b).

TEM images of Li;B4O;/NiO/Ni3(BO3), (LiBNil)
nanocomposite fabricated by EDTA-improved pechini sol-
gel technique in optimized experimental conditions have been
displayed in Fig. 4a—c in various nano scales that the men-

(a—) TEM and (d) HRTEM images of optimized LiBNi synthesized via EDTA-improved pechini sol-gel method.

tioned explanations in SEM part are confirmed. Fig. 4d
demonstrates HRTEM image of LiBNil nanocomposite with
three main planes with lattice fringe spacing of 4.05, 2.61
and 2.09 A related to three components of nanocomposites.

FT-IR spectrum of Li,B407/NiO/Ni3(BO3), (LiBNil)
nanocomposite prepared in presence of EDTA complexing
agent via improved pechini sol-gel approach has been illus-
trated in Fig. 5a. The wide peak around 3419 cm ™' and the fine
peak about 1630 cm™! are related to absorbed moisture by
nanomaterials. The existing peaks at different cituations of
470, 621 and 999 cm™' are specified to Li—O, bending vibra-
tion of B—O—B and stretching vibrating of B—O bonds, cor-
respondingly (Ranjeh et al., 2021). A strong point positioned
around 1446 cm ™' is associated to an unstable stretching vibra-
tion bond of BOj; triangles and boron tetrahedral shape
(Vitzthum et al., 2016; Ramteke et al., 2016). The connected
water and EDTA molecules create O-H and C-O bonds
around 1400-1600 cm ™! (Zhang et al., 2010). Also, the existing
peaks around small wavenumbers of 400-600 cm™' confirm
attendance of M—O bonds in compounds.

The EDX profile of Li,B40,/NiO/Ni3(BO3), (LiBNil)
nanocomposite arranged through improved Pechini-type
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Fig. 5 (a) FT-IR spectrum and (b)

sol-gel route has been exposed in Fig. 5b. Highpoints corre-
lated to B, Ni and O are evidently distinguished that protect
formation of LiBNi nano powders.

The determination of band gap energy of nanomaterials is
one the vital agents in consideration of photocatalytic activity.
The UV-Vis diffuse absorption spectrum of Li,B40,/NiO/
Ni3(BO3), (LiBNil) nanocomposite has been revealed in
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EDX profile of optimized LiBNil.

Fig. 6. According to Tauc’s relation for nano semiconductors
(Tauc et al., 1966), band-gap energy of the synthesized LiBNil
nanocomposite was determined through extrapolating of the
linear segment of the plans of (ahv)? against hv. The energy
gap quantity was numerated 3.35 eV.

The magnetic possession of Li;B407/NiO/Niz(BO3),
(LiBNil) nanocomposite using vibrating sample magnetome-
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(a) UV—Vis diffuse absorption spectrum and (b) linear portion of plots of (cthv)? against (hv) of the optimized LiBNil
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temperature for the optimized LiBNil nanocomposite.
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ter (VSM) has been displayed in Fig. 7. The coercivity (Hc),
supreme saturation magnetization (Ms) and residual magneti-
zation (Mr) of developed ferromagnetic nanomaterial are
about 22.71 (oersted), 1.29 (emu per g) and 0.026 (emu per
g) (Ranjeh et al., 2021; Zhang et al., 2011).

According to suitable electronic structure of Li,B40,/NiO/
Ni3(BO3), nanocomposite components, consideration of their
photocatalytic process has attracted the attention of many sci-
entists (Guo et al., 2021). The photocatalytic tests of the opti-
mized Li;B4O;/NiO/Ni3(BO3), (LiBNil) nanocomposites were
carried out in different conditions of nanocatalyst dosage of
0.02 and 0.05 g under UV and Visible radiations that the
related results have been illustrated in Fig. 8. According to
the obtained band gap for LiBNil nanocomposites, it is
expected that nano sample have better photocatalytic perfor-
mance under UV light than visible type. As observed in
Fig. 8a, b, the photocatalytic degradation percentage of acid
red 88 dye pollutant under UV irradiation in presence of
0.02 and 0.05 g Li,B40;/NiO/Ni;3(BO3), nanocomposites are

(b) 40

% —=— (.05 g nanocatalyst
5

—e— (.02 g nanocatalyst

Photocatalytic efficiency%
— — ~ [ nd w
= h > W <

n

20 40 80 100

Time (min)

60

Fig. 8 Plot of pollutant degradation percentage versus reaction time of the optimized LiBNil nanocomposites under (a) UV and (b)

visible irradiation.
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Fig. 9  Plots of In(C/Cy) vs time of the optimized LiBNil nanocomposites under (a) UV and (b) visible irradiation.
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73.7% and 96.8%, respectively. The visible-sensitive degrada-
tion percentage of Li,B407/NiO/Ni3z(BO3), nano-catalyst in
different amounts of 0.02 and 0.05 g to remove of acid red
88 contamination after 90 min are 21.1 and 36.5%, corre-
spondingly. From the achieved data was concluded that by
increasing nano-catalyst amount in catalytic reactions, the
photocatalytic performance improve.

To study the kinetic result of models matching to Lang-
muir-Hinshelwood technique, the capable reaction degree
quantities can be extended as bellows: In %—‘: = kt; Which C,
and C, are acid red pollutant doping in the start and t min
and k is the pseudo-Ist-order degree quantity (min~') (Kim
and Hong, 2002). Pursuant to linear necessities of In(Cy/Cy)
against the creation period, the first-class constant k has been
achieved. According to Fig. 9a, b, the k constant for concen-
tration of 0.05 g and UV irradiation (k = 0.0372 min~") is
higher than concentration of 0.02 g and visible light (k = 0.
0025 min ).

Fig. 10 displays the photo-degradation percentage of
LiBNil nanocomposites in presence of three dissimilar scav-
enger mediators of Ethylenediaminetetraacetic acid (EDTA),
Benzoic acid (BA) and benzoquinone (BQ) to trap h™, *OH
and °O; active specimens (Mahdiani et al., 2018; Al-Nayili
and Albdiry, 2021; Kadhem and Al-Nayili, 2021; Al-Nayili,
2021), respectively for more realization of photo-degradation
mechanism of acid red 88 under UV irradiation. As illustrated,
the photo-degradation efficiency of acid red 88 pollutant by
Li,B,0,/NiO/Ni3(BO3), nano-catalyst has noticeably reduced
in presence of BA as a OH® trapper. It is concluded that
OH® active component has the most contribution in removal
dye pollutant of water. However, according to Fig. 15, *O
also plays little role in destruction of toxic dye.

To consider the repeatability of Li;B4O;/NiO/Ni3(BOs3),
nano-catalyst, a recycling investigation of the visible-
degradation for acid red 88 pollutant was accomplished. After
the first test under visible treatment, the nano-photocatalyst
was separated and washed with water and acetone. The 2nd
test of photocatalyst examination was done with new dye solu-
tion and previous used nanocatalyst composite. This research
was repeated 5 times. As presented in Fig. 11, after 5 times
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Fig. 10  Degradation percentage vs time of the optimized LiBNil
nanocomposites in presence of three types of scavenger of benzoic
acid, EDTA and Benzoquinone.
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Fig. 11  Recycling results of the optimized LiBNil nanocom-
posites after 5 cycles of photocatalytic activity.

recycling photocatalytic test, removal proficiency fell slowly
from 36.5% to 22.2%.

The following equations present the UV-degradation mech-
anism of acid red 88 contamination by optimal Li,B40,/NiO/
Ni3(BOs), nano-catalyst that has been shown in Schematic. 1:
Li,B,0,/NiO/Ni3(BO;), nano-catalyst + hv

— L12B407/N10/Nl3 (BO‘;)2 * (€7CB + h+VB)

0, + e =0y

h* + H,O —-*OH + HT

H* + *O,” + e —HOO*
HOO* + H,O0 — H,0, + *OH
*‘O, + e + 2H" —-H,0,
H,0, + e -OH + °*OH
OH + h* —°*OH

Acid red 88 dye + (*OH, *O, or h' active agents)
— destructionproducts + H,O + CO,

4. Conclusion

In summary, nano-scaled Li,B40,/NiO/Ni3(BO3), composite samples
were synthesized successfully by improved pechini sol-gel method in
presence of starting materials of Ni(NO;),-6H,0, Li,COs3;, H3;BOs,
ethylene glycol and EDTA complexing agent. The molar ratio of ethy-
lene glycol:complexing agent:the sum of metal ions and types of com-
plexing agents were examined adapted to the target of optimization of
nanocomposite size and shape also, different types of complexing
agents such as EDTA, citric acid, tannic acid, tartaric acid and
phthalic acid were tested in pechini sol-gel route. Finally, photocat-
alytic performances of optimum Li,B40;/NiO/Ni3(BO3), catalyst
nanocomposites were studied for putting down of acid red 88 dye as
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a water pollutant. LiBNi ternary nanocomposites with higher concen-
tration have better photocatalytic efficiency under UV radiation
(96.8%) than visible wave (36.5%).
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