Journal of Sol-Gel Science and Technology (2021) 100:170-182
https://doi.org/10.1007/s10971-021-05627-6

ORIGINAL PAPER: SOL-GEL AND HYBRID MATERIALS WITH SURFACE
MODIFICATION FOR APPLICATIONS ®

heck for

Check f
updates

High-performance photocatalytic degradation of neutral red over
cobalt grafted-mesoporous silica under UV irradiation

Fatemeh Mahfoozi' - Ali Mahmoudi' - Mohammad Reza Sazegar®' - Khodadad Nazari?

Received: 24 March 2021 / Accepted: 16 August 2021 / Published online: 7 September 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

Cobalt-grafted-mesoporous silica nanoparticles with the Si/Co molar ratio of 70 were synthesized by using sol-gel method
(denoted as Co-MSN). Characterization of the Co-MSN was carried out by X-ray diffraction analysis (XRD), Fourier-
transform infrared spectroscopy (FTIR), energy dispersive X-ray analysis (EDX), scanning electron microscopy (SEM), and
N, adsorption/desorption analysis. Photocatalytic activity of the Co-MSN sample was studied for removal of neutral red as
one of the most widely used dye pollutants, in presence of H,O, and UV irradiation. In this regard, effect of various
influencing parameters such as pH, Co content, dye concentration, amount of oxidant, and presence/absence of UV
irradiation were investigated. It was found that incorporation of the Co>" ions into the mesoporous silica nanostructure
significantly improves the photocatalytic degradation of neutral red. Under the optimized conditions including 0.3 mmol of
H,0, (as an oxidant), catalyst dosage of 0.075 mg, initial dye concentration of 0.08 mM, and UV irradiation (32 W, 254 nm),
up to 81% of neutral red was degraded at room temperature for 220 min.

Graphical Abstract
The Co-MSN nanoparticles able to catalyze the photodegradation reaction of neutral red dye in the different H,O,
concentrations under UV irradiation with high performance, a green chemistry.
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The Co-MSN nanoparticles able to catalyze the photodegradation reaction of Neutral Red dye in the
different H,0, concentrations under UV irradiation with high performance, a green chemistry.
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including paints, enter the surface, and groundwater
resources. Dyes and pigments are widely used, mostly in
food, paper, leather, plastics, textiles, and cosmetic indus-
tries. The release of dyestuff from these industries can lead
to many environmental hazards. According to the Color
Index (CI), more than 10,000 dyes are being used in various
industries. For example, in China, large quantities of
colored effluents (over 4.4 x 10°m> per day) with strong
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persistent color and high biochemical oxygen demand are
being discharged into the water resources, which are aes-
thetically and environmentally unacceptable [1]. Nowadays,
many governments have imposed severe restrictions, and
have forced dye-using industries to decolorize their efflu-
ents before discharge. Most of the dyes are toxic and must
be removed before discharging into the streams since their
effluents can reduce light penetration and photosynthesis.
To date, various treatment technologies have been devised
for dye removal. These may include activated sludge, che-
mical coagulation, and adsorption processes [2, 3].

Although adsorption founds superiority when some
experimental parameters such as flexibility, simplicity, and
ease of operation are considered [4, 5], certain limitations
and drawbacks may restrict its application in large scale
systems. For example, large amounts of adsorbents may
lead to secondary environmental issues. In addition, recy-
cling of some adsorbents may be very difficult or expensive.
Getting rid of this type of waste, for example by incinera-
tion, may produce high amounts of pollutants, including
greenhouse gases [6—8]. Although post-grafting with func-
tional groups has been widely used to modify the porous
structure of the silica-based mesoporous materials to get
higher adsorption capacities, there are still major concerns
about cost-effectiveness of some adsorbents such as carbon
materials [9, 10].

Photodegradation is also a well known and widely used
purification technique for the removal of certain pollutants
from water, especially those which are practically unaf-
fected by conventional wastewater treatments. Physico-
chemical processes such as photodegradation have also
found their position in wastewater treatment. Combining
UV irradiation and a typical oxidant such as hydrogen
peroxide has been applied successfully in advanced oxida-
tion processes (AOPs) to treat different pollutants in water
[11-15]. Photodegradation has been described as the
acceleration of a reaction under irradiation of either ultra-
violet or visible light in the presence of a photocatalyst that
can adsorb light to produce electron—hole pairs. Generation
of free radicals in this process is responsible for the
degradation of organic molecules to simpler species such as
H,0 and CO, under mild conditions. This process has many
advantages such as using low temperature, cost-effective-
ness, and mild reaction conditions. Although nano-sized
metal oxides have exhibited promising results as adsorbents
in some water treatment processes, their roles as photo-
catalysts in photodegradation processes cannot be ignored
[16-19].

Recently, application of the titanium dioxide to decorate
natural cellulosic Juncus effusus fibers for highly efficient
photodegradation of dyes is reported [4]. Moreover,
reduced graphene oxide was synthesized and incorporated
with zinc oxide nanomaterial to obtain a nanocomposite

(ZnO/RGO), which shows up to 98% photocatalytic
degradation of basic blue dye [20]. In another study, tita-
nium oxide nanoparticles were doped with cobalt (denoted
as Co/Ti0O,) and used to photodegrade Amido Black dye in
water, under UV radiation. The results showed a high-
performance photodegradation of Amido Black, as high as
90%. The mechanism of this reaction was proposed to be
based on the adsorption of Amido Black dye on the surface
of cobalt-doped titanium oxide, followed by degradation
under UV radiation [21]. Highly porous TiO,-reduced
graphene oxide (RGO) aerogel possessing high pore
volume and large surface area was shown to have high
photocatalytic efficiency in comparison with the TiO,-gra-
phene nanoparticles. The TiO,-RGO aerogel photocatalyst
exhibited excellent performance for dye photodegradation
[22].

Dye photodegradation is a widely applicable technique to
remove hazardous pollutants. However, most of the dyes
such as neutral red have relatively high water solubility and
this makes the conventional treatment methods ineffective
for their removal from the wastewater. Neutral Red
(Scheme 1) is a cationic dye that is used extensively for
staining in histology. The dye’s toxic nature can be easily
understood by considering its materials safety data sheet.
For example, its thermal decomposition causes hazardous
products such as carbon monoxide (CO), carbon dioxide
(COy,), nitrogen oxides (NOy), etc. Its other adverse effects
may include carcinogenicity, high, and chronic toxicity
[23].

Silica porous materials have been used as important
nanocarriers for the photodegradation processes [24, 25].
Modification of the mesoporous silica nanostructures with
transition metals such as Pt, Zr, Ni, Fe, Zn, and Co can
considerably improve their photocatalytic activities [23, 26—
32]. Among these metals, Co®" ions can generate the
electron (e—) and hole (h+) pairs, which in turn, can pro-
duce hydroxyl free radicals and superoxide anions. These
species can degrade many organic molecules, including
dyes, through a photocatalytic performance [21].

In this work, cobalt modified mesoporous silica nano-
particles (Co-MSN) with the Si/Co molar ratio of 70 were
prepared by the sol-gel method. Here, for the first time, we
used glycerol as a co-solvent in the synthesis of Co-MSN in
comparison with the Co-MSN sample which has previously
synthesized. Glycerol can better disperse the spherical
mesoporous silica structure. Moreover, the hydrolysis

HoN N Sn-CHe
H

CHs

Scheme 1 Chemical structure of neutral red
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reaction was carried out by ammonia 25% in this synthesis,
while it was done previously by using sodium hydroxide.

Characterization of the catalyst was carried out by using
X-ray diffraction analysis (XRD), Fourier-transform infra-
red spectroscopy (FTIR), energy dispersive X-ray analysis
(EDX), BET, and scanning electron microscopy (SEM)
techniques. The mesoporous silica nanomaterials are of
great interest to researchers, and their metal-modified sam-
ples are applied as catalysts for the synthesis of many
chemical compounds. The most common types of meso-
porous nanoparticles are MCM-41 and SBA-15. The
synthesis method and XRD analysis results were following
the formation of the MCM-41 family structure for the Co-
MSN. However, there were some differences with MCM-41
due to the cobalt grafting, which is reflected in the pore size
and volume, and other related data that can be obtained
from N,-sorption isotherms.

The catalytic activity of this heterogeneous nanomaterial
was investigated by studying the photocatalytic degradation
of neutral red as a dye pollutant with a green chemistry
approach. Effect of various parameters such as type and
amount of oxidant, initial dye concentration, catalyst
dosage, cobalt content, pH, and UV irradiation intensity was
investigated to optimize the reaction conditions. Kinetic
studies were also performed to determine the apparent k
values, and the reaction intermediates were also identified.
The current study provides a basis for the application of Co-
MSN as a photocatalyst to alleviate the neutral red dye
pollution. The novelty of this study included the high per-
formance of the catalyst in Neutral Red decomposition in
the neutral aqueous medium, the use of hydrogen peroxide
as a mild oxidizer, the use of eco-friendly catalyst, and the
easy workup of the catalyst.

2 Experimental
2.1 Materials and methods

Tetraethylorthosilicate (TEOS) was used as the silica source
for the preparation of mesoporous silica nanoparticles
(MSN). Cetyltrimethylammonium bromide (CTAB) was
used as a template to direct the controlled synthesis of
MSN. All of the chemicals, including Co(NOs3),.6H,O and
neutral red, were purchased from Merck and used without
further purification. A Millipore Milli-Q System was used
to supply the required deionized water.

Powder X-ray diffraction (XRD) patterns were recorded
on a Philips X-ray diffractometer (PW 1730) with automatic
data acquisition (APD Philips v3.6B) at a scan rate of 0.1°
20/s, using Cu-Ka radiation (1.5406 A). Cobalt content was
determined by X-ray fluorescence spectrometry utilizing a
Bruker S4 Explorer instrument equipped with a rhodium
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anode at 50kV and 30 mA. Nitrogen adsorption/desorption
isotherms were determined at 77 K on a BELSORP-MINI II
instrument. Samples were degassed in vacuo and annealed
at 250°C for at least 6h to remove moisture.
Barrett-Joyner-Halenda (BJH) model was used for the
evaluation of the pore size distribution. The morphology
and particle size of the samples were determined by using a
scanning electron microscope (SEM KYKY-EM-3200)
with an accelerating voltage of 26 kV. Fourier-transform
infrared (FTIR) spectra were recorded on a Rayleigh WQF-
510 spectrophotometer using KBr disks. Ultraviolet—Visible
(UV-vis) spectra of the dye solutions were recorded on a
Varian, Cary 100 spectrophotometer using quartz cuvettes.
UV irradiation was carried out by 4 x 8 W Siemens 4-pined
single end UVC lamps (280 nm, maximum output at
254 nm).

2.2 Preparation of mesoporous silica nanoparticles
(MSN)

MSN were synthesized according to the following method
[33]. In a container, CTAB (3.7 g) was dissolved in deio-
nized water (150 ml) at room temperature, followed by the
addition of ethanol (absolute, 230 ml), and ammonia (25%,
14 ml). After stirring for 1 h, TEOS (15 ml) was added to
the mixture for 5 h, and stirring was continued for 10 h. The
white product was then aged for 24 h. After that, the pre-
cipitate was filtered and washed with a mixture of methanol
and deionized water (1:5). The product was dried at 383 K
overnight and then calcined at 823 K for 5 h to remove the
remained organic materials.

2.3 Synthesis of Co-MSN

The cobalt-incorporated MSN was synthesized according to
the following procedure. First, CTAB (3.7 g) was dissolved
in deionized water (150 ml) at room temperature. Then an
appropriate amount of Co(NO3),.6H,O was added to obtain
the desired Si/Co ratio (Si/Co=70). The solution was
placed in a water bath with 343 K. After stirring for about
30 min, ethanol (absolute, 230 ml), glycerol (20 ml, as a co-
solvent), and ammonia (25%, 14 ml) were added in turn,
and stirred at 343 K for 1 h. Then TEOS (15 ml) was added
drop by drop to the mixture for 5 h and stirred at 343 K for
10 h. The white product was aged for 24 h. After this period
of time, the results were filtered and washed twice (2 X
20 ml) with the solution of methanol and deionized water
(1:5). To ensure the removal of any Co>" ions adsorbed on
the surface of the Co-MSN, the product was Soxhlet
extracted with acetonitrile for 6 h before calcination. The
precipitate was dried in an oven at 383 K for 20 h followed
by calcination at 823 K for 3 h. finally, the obtained Co-
MSN (1 g) was added to deionized water (50 ml) and stirred
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Table 1 Description of the

different reaction conditions as Experiment code Co-MSN (mg) H,0, Conc. (mM) Dye Conc. (mM) pH UV Irradiation

experimental codes M|—-M; M, 0.05 0.1 0.08 7 v/
M, 0.05 0.1 0.08 7 -
M; 0.025 0.1 0.08 7 v
My 0.025 0.1 0.08 7 -
M; 0.025 0.5 0.08 7 v
Mg 0.025 0.5 0.08 7 -
M; 0.025 - 0.08 7 v
Mg 0.025 - 0.08 7 -
M,y - - 0.08 7 v
M 0.025 0.1 0.08 4 v
My, 0.025 0.1 0.08 9 v
M, - 0.1 0.08 4 -
M3 - 0.1 0.08 7 v
My - 0.1 0.08 7 -
Mis MSN (0.025) 0.1 0.08 7 v
Mg MSN (0.025) 0.1 0.08 7 -
My, MSN (0.025) - 0.08 7 -

Scheme 2 An illustration of the T

preparation of Co-MSN ,HB

. SER TEOS
NH:OH (25%) 1- Filtration
+ =" | Precipitation of MSN | == | ,‘dk‘m;mn —»= Co-MSN
Co(NO3Jz.6H,0 48 h RT S ACRINIK

in H2O/EtOH

at room temperature for 3 h. The mixture was centrifuged at
4500 rpm for 20 min and the supernatant was tested by
inductively coupled plasma (ICP) analysis to check the
separated cobalt species from the Co-MSN framework.

2.4 Catalytic activity tests

The activity of the synthesized catalyst was studied for the
degradation of neutral red dye in the presence of hydrogen
peroxide solution at different acidities (pH=4, 7, and 9),
with or without UV irradiation at room temperature. The
experiments were performed with two different Co-MSN
loadings of 0.05 and 0.025 mg, and two concentrations of
hydrogen peroxide (0.1 and 0.5 mM). In a typical proce-
dure, the catalyst (3 mg) was sonicated in acetate buffer
solution (2ml, pH 4 or 7) for 20 min to prepare a stock
dispersion. Then, neutral red dye (0.08 mM in acetate buf-
fer), an appropriate amount of the Co-MSN stock dispersion
(equivalent to 0.05 or 0.025 mg), and H,O, (0.1 or 0.5 mM)
were added to 2800 ul of acetate buffer and stirred under
UV radiation (or without UV radiation) for 225 min. The
trend of the neutral red degradation was monitored by
UV-vis spectroscopy after filtration of the dispersed solid
catalyst. The absorbance measurements were performed at
Amax Of 520 nm [34]. The photo-reactor was made of an

aluminum box with four UV lamps (8 W, Siemens, Ger-
many) around the sample. Table 1 shows a list of the
experimental parameters used in the photodegradation
reactions.

3 Results and discussion

A schematic illustration of the preparation process of Co-
MSN is presented in Scheme 2. The method of preparation
is based on the hydrolysis of tetraethylorthosilicate in a
basic medium. This hydrolysis reaction is an example of a
sol—gel process. Although the side product of the reaction is
ethanol, the TEOS itself should be dissolved in alcohol
before hydrolysis.

3.1 Characterization of the catalysts

FTIR spectroscopy was used to investigate the presence
of the expected functional groups in the MSN and Co-
MSN samples. The results showed that the loading of
cobalt in the pure MSN did not change the position of
bands in the FTIR spectra, which indicates that the fra-
mework structure of MSN was not changed after cobalt
modification.
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Fig. 1 XRD patterns of MSN B
and Co-MSN (A) low-angle and
(B) high-angle
> MSN
‘&
c
2 M
=
Co-MSN
Co-MSN
1 3 5 7 9 10 20 30 40 50 60 70 80
2Teta (degree) 2Teta (degree)
Table 2 Physicochemical > 1 3 1 ]
properties of the synthesized Catalyst djpp (nm) ay (nm) Sm g ) V, (em g™) W (nm) t (nm) Si/Co
MSN and Co-MSN samples MSN 3.84 443 995 0.84 337 1.06 -
Co-MSN 3.90 4.68 691 0.70 3.20 1.48 70

d ;g9 d-spacing of the plane direction (100) in Angstroms, a, pore center distance (equal to 2d;py/ 3, § surface
area obtained from N, adsorption—desorption isotherms, V), total pore volume, W pore size obtained from the

BJH method, ¢ pore wall thickness

The XRD pattern of the Co-MSN sample is compared
with that of MSN in Fig. 1. Both are common in peaks at
20 =2.4°4.2° and 4.7° in the low-angle pattern indexed to
(100), (110), and (200) planes of two-dimensional hex-
agonal (pbmm) structure of mesoporous materials. It should
be mentioned that the inclusion of cobalt resulted in some
decrease of intensity of these peaks, along with a small shift
of the most intense band to lower 20, which indicates some
decrease in crystallinity of the structure due to replacement
of Si by Co, along with increased d;y-spacing. The XRD
pattern of Co-MSN can show the presence of cobalt oxide
in the nanoparticles. Since the higher ionic radius of Co (II),
the change in d, spacing in the plane of Co-MSN clearly
can be indicated by the incorporating of cobalt atoms in the
MSN framework. Therefore, this is a direct indication of the
replacement of some Si (IV) ions with Co (II) species.

The formation of the Co—O-Si bond has been suggested
as a justification for the observed shift in the peak positions
[31]. In the high-angle patterns, on the other hand, a broad
peak was observed around 22°, which originates from
amorphous silica [35].

Table 2 shows the physicochemical properties of MSN
and Co-MSN samples based on the results of the BET
analysis. It is clear that after the incorporation of cobalt, the
total pore volume and the BET surface area was decreased
[32]. It is also noteworthy that an increase in the wall
thickness after incorporation of cobalt is in line with
increased d;gp-spacing, as concluded by the XRD analysis.

@ Springer

Figure 2 exhibits the N, adsorption—desorption isotherms
for the MSN and Co-MSN samples. Both samples exhibited
a type (IV) isotherm with H4-type hysteresis loops in the P/
Py range of 0.3-0.8, which is characteristic of well-ordered
mesoporous materials. The corresponding pore diameters
were 3.37 and 3.2 nm for the MSN and Co-MSN samples,
respectively (Table 2). The increased adsorbed volume at
higher P/P, values may be an indication of a secondary
mesoporous system with slit-like pores.

Figure 3 shows the UV-vis DR spectra of the MSN and
Co-MSN catalysts. The presence of three peaks at the
regions of 535, 585, and 650 nm for the cobalt-containing
MSN are indicated to the Jahn-Teller distortions or
spin—orbit coupling during *A,(F) > *T,(P) transition and
shows the cobalt atoms are located in tetrahedral coordi-
nation into the MSN framework [31].

Figure 4A, B shows the SEM images of MSN and Co-
MSN samples. They exhibit spherical shapes with an
average particle size of 100-300 nm. To confirm the pre-
sence of cobalt in the Co-MSN sample, energy dispersive
X-Ray analysis (EDS) was performed and the result is
presented in Fig. 4C. All of the anticipated K and L lines of
Co, O, and Si were observed at estimated positions. Fig-
ure 4D exhibits a photo of the Co-MSN sample. All of these
results are in agreement with our previous findings on the
presence of Co’" in the framework of MSN as building
blocks instead of being adsorbed or charge compensating
species [27, 32-37].
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Fig. 2 N, adsorption—desorption 300 500
isotherms for the MSN and Co- MSN Co -MSN
MSN samples —_
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Fig. 3 Diffuse reflectance spectra of the Co-MSN samples

It should also be noted that soxhlet extraction of the Co-
MSN sample with acetonitrile before calcination, rejected
the presence of any surface Co”>" ions. The soxhlet
extraction with a coordinating solvent such as MeCN has
been reported as an effective method for the probable
removal of the surface adsorbed ions in many papers,
especially after ion-exchange processes [38—40]. However,
our UV-vis analysis did not show any trace of Co (II) in the
extraction solvent after 6 h. ICP analysis was carried out for
the Co-MSN sample after washing with an aqueous solution
and showed there were not any cobalt species in the aqu-
eous solution.

3.2 Photocatalytic activity for neutral red

To study the photocatalytic degradation of neutral red, the
effect of various parameters such as UV irradiation, pH, Co
content, dye concentration, and amount of oxidant was
investigated. According to the obtained results, the photo-
catalytic degradation of neutral red was more effective

under UV radiation than in the dark or under visible light.
Figure 5 exhibited a trend of degradation of neutral red by
MSN with/without UV irradiation, and also the effect of UV
light intensity on photodegradation of neutral red dye.

In addition, in Fig. SA one can note that some dye
removal has occurred at the initial stage of the process. This
may be due to the adsorption of the dye molecules by the
mesoporous structure. at the beginning of the reaction (time
= 0) when bare MSN was used without the oxidant and UV
irradiation, about 18% of dye was removed after the end
was removal 25% (time =220 min) and when bare MSN
was used without UV irradiation, about 34% of dye was
removed this was enhanced to 40.5% when both UV and
oxidant were used (Table 1, entries M5, Mg, and My7).
shows that the percentage of dye removal which reveals
higher in the presence of UV irradiation at the entire reac-
tion time, thus M;5 shows more activity in dye degradation
in comparison with M4 and M;;. The effect of UV light
intensity on the degradation of neutral red was also studied
and the results are depicted in Fig. 5B. The results show that
irradiation at 16 W had not a significant effect on the pho-
todegradation process and the degradation efficiency was
almost similar to that obtained without UV light. Increasing
the light intensity from 16 to 32 W, however, resulted in
higher efficiency. This enhancement may be due to the
increase in the formation of OH" concentration. The rate of
photolysis of H,O, depends directly on the irradiated light
intensity. It is well known that at the low UV intensities, the
rate of photolysis of H,O, is limited and at high power,
more hydroxyl radicals are formed due to photo-
dissociation of H,O, [36, 37].

Most of these studies have shown that the effect of H,O,
is related to many parameters including the H,O, con-
centration, irradiation intensity, pH of the solution, and
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Fig. 4 SEM images of (A) MSN,
(B) Co-MSN, (C) EDS analysis
of Co-MSN, and (D) optical
image of Co-MSN

Fig. 5 (A) Trend of degradation
of neutral red by MSN in the
presence and absence of UV
irradiation, and (B) effect of UV
light intensity on
photodegradation of neutral red

characteristics of the photocatalyst [41]. Galindo and Kalt
[3] demonstrated that the UV/H,O, combination can
destroy the chromophore structure of azo dyes, and the
reaction rate depends on the chemical structure and aux-
iliary groups attached to the aromatic nuclei of the dye

@ Springer
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molecules. Colonna et al. reported that UV irradiation in the
presence of H,O, leads to complete decolorization and
mineralization of sulfonated azo and anthraquinone dyes
[15]. The mechanism of dye destruction in the AOPs is
based on the formation of very reactive hydroxyl radicals
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with an oxidation potential of 2.80 V, which may result in
the oxidation of a broad range of organic compounds
[42, 43]. Furthermore, an additional advantage of the UV/
H,0, process is the prevention of sludge formation during
the different stages of the treatment. It can be carried out
under ambient conditions and may lead to the complete
mineralization of organic carbon into CO, [44]. Further
optimization for taking into account the role of pH showed
that the degradation reaction was pH-dependent. The effi-
ciency of H,O, in the absence of both catalyst and UV
irradiation was studied on the neutral red photodegradation
that good results were obtained at pH = 7. The presence of
both catalyst and UV irradiation drastically increased the
efficiency. Although the high pH is in favor of the forma-
tion of hydroxyl radicals, the presence of a metal such as
cobalt will increase their aggressive nature. The effect of the
pH on the degradation of neutral red is shown in Fig. 6B.
Increasing the pH of the solution from 4.0 to 9.0 sig-
nificantly can increase the dye removal efficiency in the
presence of the Co-MSN catalyst, H,O,, and UV irradia-
tion. Despite the best result was obtained at pH 9.0, the
outstanding of this study is obtain a high-performance
degradation at pH = 7. Higher amounts of the oxidant, on
the other hand, resulted in an increase in dye removal.
Nevertheless, taking into account the principles of green
chemistry, efforts were made to use less oxidant. This was
achieved when Co-MSN was used instead of MSN.

The results of these unique conditions were only the low
degree of neutral red photodegradation. While in experi-
ments involving all three factors of UV irradiation, hydro-
gen peroxide, and the Co-MSN catalyst, the rate of
photodegradation has increased dramatically. The samples

of M;—M;, were listed in Table 1 and showed the condi-
tions and results of these nanomaterials. The samples of Mg,
My, and M, are related to the use of the Co-MSN, UV
irradiation, and H,0O, alone, respectively. The results
exhibited the activity of 24%, 21.5%, and 26% for Mg, Mo,
and M, respectively.

3.3 Proposed mechanism for the photodegradation
reaction

The rate of photochemical degradation by H,O, depends on
the pH value, and this can provide a platform for the UV/
H,0, reaction to degrade different contaminants [43—45]. In
the UV irradiation/H,0, system, the addition of hydrogen
peroxide and UV irradiation may facilitate the production of
radicals that degrade complex organic contaminants into
smaller molecules, hence further reduced the effluent color.
Variations of UV irradiation with and without hydrogen
peroxide addition were applied and the hydrogen peroxide
concentration of 0.1 mM was chosen as the optimum dose.
At high pH values, hydrogen peroxide deprotonates to
form an H,O,/HO,  equilibrium. The HO,™ species react
with H,O, according to the following equation, to form
molecular oxygen and water, instead of producing hydroxyl
radicals under UV irradiation. Therefore, the instantaneous
concentration of OH" is lower than expected:

HOE + H202 — HQO + 02 + OH™ (1)

Furthermore, the deactivation of OH' is more important
at high pH. The reaction of OH" with HO,  is approxi-
mately 100 times faster than its reaction with H,O,. Also, at
high pH, the H,O, becomes highly unstable and undergoes
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self-decomposition [46, 47]. The self-decomposition will
rapidly break down the H,0, molecules into water and
oxygen as follows:

2H202 — 2H20 + 02 (2)

However, the better performance of the catalyst at high
pH can be related to its structure. It is well known that the
surface of silica materials is generally covered by silanol
groups. These —OH functionalities can be used, for exam-
ple, in surface modification reactions. At high pH, the
neutral red is present as a free base rather than its hydro-
chloride form, and this brings the molecule to the positively
charged surface of the catalyst, where it can react with the
oxidant. Although the obtained results indicated that the
alkali pH showed better dye degradation in comparison to
the neutral and acidic media, because of economic and
green chemistry considerations, this pH is not suitable for
dye removal due to the harmful effects of alkali pH on the
environment. Therefore, the photodegradation was carried
out in a neutral medium. Thus this reaction occurred by
using the Co-MSN in the pH =7 with 0.025 concentration
and [HzOz] =0.1 mM.

To measure the charges of these nanomaterials, zeta (£)
potential measurement was performed that showed —16.5 mV
for MSN and +8.12mV for the Co-MSN catalyst.

Figure 6A shows the effect of H,O, and Co-MSN con-
centrations in the photodegradation of neutral red with/
without UV irradiation, and Fig. 6B illustrates the effect of
three different pH of 4,7, and 9 in neutral red photo-
degradation with the constant H,O, concentration of
0.1 mM and Co-MSN concentration of 0.025 mg under UV
irradiation. The results showed that the degradation effi-
ciency over Co-MSN was increased when a combination of
UV irradiation and an oxidant was used. It should be noted
that in the absence of the Co-MSN catalyst and the presence
of 0.1 mM H,0, at pH 7, at the beginning of reaction the
degradation efficiency showed only 18% (time = 0) then in
presence of 0.1mM H,0, was 25%,(time =220 min),
(Table 1, the sample of M4). This efficiency was increased
to 30% upon irradiation of UV light(time = 220 min)
(Table 1, the samples of M;3).

An increase in the H,O, concentration from 0.1 mM to
0.5mM resulted in an enhancement in the degradation
efficiency under UV radiation from 75% to 81%, respec-
tively (Fig. 6A). This enhancement may be associated with
several factors related to the presence of H,O,. Hydrogen
peroxide can produce hydroxyl radicals and accelerate the
photocatalytic processes [38]. Hydroxyl radicals may be
generated by direct photolysis of hydrogen peroxide
[39, 40], or by the reaction of hydrogen peroxide with the
superoxide radicals [41, 48, 49]. It has been shown that the
initial amount of H,O, affects the efficiency of the catalyst
[50]. The effect of hydrogen peroxide on the
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photodegradation of organic contaminants in water, and
inspecting its optimum concentration has been the subject
of many studies [41, 51-53].

The results of this reaction showed that increasing the
catalyst did not cause a significant increase in photo-
degradation efficiency in the presence of UV irradiation. It
should be mentioned that higher amounts of the catalyst
have been affected the yield considerably. hence 0.025 mg
of the catalyst 0.08 mM of neutral red and concentrations
0.1 mM of hydrogen peroxide and pH =7 were studied as
the preferred media.

A kinetic study of the photodegradation of Neutral Red
was also performed to get an insight into the reaction
mechanism. The kinetic study was undertaken by using the
Langmuir-Hinshelwood kinetics model. It was found that
degradation of neutral red follows a pseudo-first-order
kinetic with the apparent rate constant being calculated as In
C/Cy = kyppt, where Cy is the initial concentration and C is
the residual concentration of the Neutral Red at the expo-
sure time ¢, measured at room temperature in pH = 7. The
value of k for the optimized reaction conditions was found
to be 220 min~! (Fig. 7A). To compare the effect of the
various reaction conditions on the kinetics of the neutral red
degradation, the plot of the In C/C, vs. time is presented for
the M1-M4 in Fig. 7B.

According to the data in Table 1 and Figs. 6, 7B, a
combination of the UV irradiation, H,O,, and Co-MSN can
be degraded the neutral red efficiently (M; and M3). The
significant photodegradation rate enhancement from M, to
M, (0.25 to 0.35min"') is about 73%, which is thought-
provoking. Therefore, the use of the Co-MSN catalyst, UV
irradiation, and peroxide, showed a synergistic effect on
both of the rate and efficiency of the photocatalytic dye
degradation.

Generally, it is believed that radical photooxidation of
dyes concerning dye concentration follows a pseudo-first-
order mechanism. Based on the obtained results and pub-
lished literature [35], the following mechanistic pathway
may be involved in the photodegradation of neutral red
(Egs. 3-6):

Co + hv — e, + hf, (3)
H,O + hf, — OH" + H* (4)
H,0, — 20H (5)
OH" + Neutral Red — Mineralization products (6)

Where e, and h,," refer to the electron in the conductive
band, and the hole in the valence band of the photocatalyst,
respectively. The proposed mechanistic pathway may be
illustrated as follows:
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Table 3 A comparison of the cobalt-mediated methods for the photocatalytic degradation of neutral red
Photocatalyst Synthesis method Neutral red Catalyst Time (min) Temp. (°C) pH Efficiency (%) Ref.
conc. (mg) amount (mg)
Co-MSN Sol-gel 23 0.025 225 23 7 81 This work
Coy[Fe(CN)g] Chemical precipitation 17 175 120 - - 68 [56]
(MFe,04: M = Co, - 10 0.5 300 - 7 60 [57]
Ni, Cu, Zn)
Co,Sn0y - 10 0.5 240 25 5 85 [58]
GNs/Co-Mn Chemical reduction 5 20 30 25 7 94 [59]
Cobalt(Il) hexacyanoferrate Hydrothermal 17 150 120 25 5 80 [60]
LaCoO;3 Surface ion adsorption 10 200 100 25 7 90 [61]

According to the suggested mechanism, UV irradiation
produces a hole in the valence band of the photocatalyst,
which can oxidize a water molecule to hydroxyl radicals.
These radicals can produce further hydroxyl radicals from
the hydrogen peroxide molecules. Hydroxyl radicals are
generally aggressive species that can mineralize most of the
organic molecules, including dyes. To approve the sug-
gested mechanism, the addition of a radical scavenger was
tested. It was observed that the photodegradation of neutral
red was stopped after adding 2-propanol to the reaction
mixture which indicated the involving a radical mechanistic
pathway [54, 55]. Therefore, it can be concluded that the
cobalt-mediated generation of hydroxyl radicals is respon-
sible for this type of photodegradation (Eq. 7):

(CH3),CHOH + O — (CH3),0 + H,0 (7)

To highlight the advantages of the present study, a
comparison was made between the Co-MSN catalyst and

the reported cobalt-containing catalysts for the degradation
of neutral red. The results are summarized in Table 3 and
indicate the relative advantages of the Co-MSN for the
degradation of neutral red. High efficiency of dye degra-
dation was observed in the presence of less amount of the
catalyst Co-MSN (0.025 mg) at neutral pH than the higher
amount of the other catalysts (0.5, 20, 150, 175, and
200 mg) [56-61]. This indicating the outstanding higher
activity of the Co-MSN catalyst in comparison to the other
catalysts for dye photodegradation Scheme 3.

3.4 Recyclability of the catalyst

To evaluate the recyclability of the photocatalyst, its usage
in multiple reaction runs was studied. To do so, after the
completion of each reaction, the reaction mixture was
centrifuged and the precipitates were rinsed with methanol
(3x 10 mL) and dried at 110 °C for 4 h, then it was reused

@ Springer



180

Journal of Sol-Gel Science and Technology (2021) 100:170-182

Scheme 3 A proposed
mechanistic pathway for
photodegradation of neutral red
by Co-MSN

H,0
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Run No.
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Efficiency (%)
& -3 ]
o o o
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Fig. 8 Recyclability of the Co-MSN during five runs

in the next reaction run. Figure 8 presents the results of five
successive runs. As it is clear, only a 7 percent loss of
activity was observed (81% yield for the first run to 74%
yield for the fifth run), which indicated a bit of deactivation
in the solid catalyst.

To investigate the structural changes of the catalyst
during the reaction, the recycled catalyst of the final run was
characterized using XRD patterns, SEM imaging, EDX, and
FTIR spectroscopy. Figure 9 exhibits the crystal structure
(Fig. 9A), morphology (Fig. 9B), and functional groups
(Fig. 9C) of the catalyst before and after the photo-
degradation process. The results illustrated that the XRD
patterns, morphology, and presence of the functionalized
groups of the Co-MSN catalyst were not considerably
altered during the reaction. This indicates that the catalyst is
robust enough to tolerate the harsh photodegradation con-
ditions. In addition, EDX analysis showed exactly the pre-
sence of cobalt species in the before and after five recycling
reactions (Fig. 9D). These results indicated the presence of
cobalt species in the modified MSN structure.

@ Springer
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Figure 10a depicts the trend of neutral red color change
by photodegradation process within 220 min and Fig. 10b
shows the UV spectra of the starting materials and the final
products which have been monitored by UV-vis
spectrophotometer.

Compared to the other studies (Table 3), following the
green chemistry strategy, the new findings of photocatalytic
degradation process using the Co-MSN catalyst including,
high-performance photodegradation in neutral media, no
further sludge or secondary waste generation, and less
operational cost. For an industrially important process, it is
vital to consider the role of the environment. This research
is a preliminary study to evaluate the potential of the syn-
thesized catalyst as a photocatalyst. Moreover, the use of
environmentally friendly chemicals in a chemical process in
green chemistry reactions is essential. Neutral red dye is
used as a colorant in clinical laboratories to calculate
chromogenic materials.

4 Conclusion

The modified MSN with Si/Co molar ratio of 70 (Co-MSN)
were synthesized and characterized. The photocatalytic
activity of the obtained product was compared with MSN
nanoparticles in the photocatalytic degradation of neutral
red as a representative dye. Effect of various parameters
such as pH, dye and catalyst concentration, amount of
oxidant, and presence/absence of UV irradiation was
investigated. It was found that UV irradiation considerably
improves the degradation yield and the best results were
obtained by using an array of 4 x 8 W (254 nm) UV lamps.
Further improvement was achieved when hydrogen
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Fig. 9 (A) XRD patterns, (B)
SEM image, and (C) FTIR
spectra of the Co-MSN catalyst
before and after photocatalytic
reaction, (D) EDX analysis of

the recycled Co-MSN
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Fig. 10 The trend of color change (a) along with the corresponding
changes in the UV-vis spectrum (b) of neutral red within 220 min

peroxide was used as an oxidant agent. Although at pH=9
the degradation process was performed more readily, from
green chemistry and economy point of view, the pH="7
was selected as a preferred acidity. Under the optimized
conditions, up to 81% of neutral red was degraded after
220 min. in the presence of Co-MSN.

A comparison between Co-MSN and the other cobalt-
containing catalysts for the neutral red photodegradation
process clearly showed the high power of this catalyst with
a less amount of used catalyst.

The significant advantages of using the Co-MSN catalyst
for the photodegradation of neutral red include a green
chemistry approach, high efficiency in pH=7, lack of
formation of sludge and other waste material, and less cost
of the catalyst and degradation process.
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