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Water contamination and scarcity pose critical global challenges. Existing water remediation technologies
such as membrane technologies lack hydrophilic surface properties, prompting the need for novel, highly
efficient supportive materials. Photocatalysis emerges as a promising solution for degrading organic
pollutants in wastewater. However, existing photocatalysts such as titanium dioxide (TiO,) suffer from
rapid recombination of photogenerated charge carriers and lower catalytic activity, hindering performance.
Herein, a novel, high sorption capacity nZVI-SiO,—-TiO, nanocomposite material was synthesized via a
combined chemical reduction approach. The influence of synthesis pH and the synergistic effects of nZVI,
SiO,, and TiO, on the physicochemical properties and overall performance of the nZVI-SiO,-TiO, nano-
composite were investigated. Three sets of nZVI-SiO,-TiO, nanocomposites were synthesized by varying
synthesis pH from 2 to 4. MB dye degradation experiments and thermal analysis revealed that the nZVI-
SiO,-TiO, nanocomposite synthesized under pH 2 synthesis conditions exhibited the fastest dye degrada-
tion rate, highest removal efficiency (100%), and thermal stability. Characterization techniques, including
FTIR, EDS (energy dispersive X-ray spectroscopy), SEM, BET (Brunauer—Emmett—Teller), XRD, TGA (thermo-
gravimetric analysis), and DSC (differential scanning calorimetry), revealed that lower nZVI-SiO,-TiO, synth-
esis pH enhanced the material's specific surface area, crystallinity, and the interfacial interactions of nZVi,
SiO,, and TiO, components in the nanocomposite. The reusability test showed >90% efficiency after 5 suc-
cessive cycles. The sorption mechanism and methylene blue (MB) dye speciation test corroborated the
synergistic adsorption and reduction potential of nZVI-SiO,—TiO, functional materials with 100% mineralized
methylene blue (MB™ species) at MB dye solution pH above 6.0. After economic considerations, it is believed
that the exceptional adsorption and recycling abilities of the novel nZVI-SiO,-TiO, material, coupled with
its thermal stability, could counterbalance its upfront expenses, potentially making it a feasible choice for
wastewater treatment applications.

1. Introduction
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Globally, textile industries are projected to grow at a compound
annual growth rate of 4.4% from 2020 to 2025, driven by
increasing consumer demand and urbanization, particularly
in developing economies." This anticipated expansion will
inadvertently exacerbate the environmental challenges posed
by industrial wastewater discharge.” Synthetic dyes utilized in
textile, plastic, and paper industries pose a major concern due
to their widespread applications and high potential toxicity, as
over 200000 tons of dye are lost to effluents during textile
product production cycles alone.> A plethora of these dyes
and their accompanying toxic chemicals discharged into water
bodies are carcinogenic and nonbiodegradable with significant

© 2024 The Author(s). Published by the Royal Society of Chemistry
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detrimental impacts on humans and aquatic ecosystems.” In
2023, the UN water conference report revealed that over two
billion people (26% of the global population) lack safe drinking
water, making the removal of harmful organic and inorganic
contaminants discharged in water and soil environments a
critical global issue threatening both public health and envir-
onmental sustainability.’®

To address this contemporary challenge, it is crucial to develop
efficient and cost-effective remediation technologies capable of
combating the diverse range of toxic wastewater effluents.* Con-
ventional treatment methods such as flocculation,””® combination
of flocculation and coagulation,”® sedimentation, membrane
technologies"'> as well as the use of trickling filters'*'* have been
utilized for decades. However, these methods lack the ability to
degrade recalcitrant dyes and generate secondary waste streams.”
Consequently, advanced oxidation processes (AOPs) and biological
wastewater treatment approaches were recently explored for
improved selectivity and adsorption capacity.'>'® Conversely, long
residence time for effective treatment,'” large sludge generation,'®
and environmental concerns are the greatest challenges in these
approaches.'®?° Thus, adsorption technologies, utilizing adsorbents
for environmental remediation, were reinvigorated. Adsorption
emerges as a prospective alternative to conventional wastewater
treatment technologies due to its simple technological requisites,*
cost-effectiveness, and high removal efficiency for diverse contami-
nants coupled with limited generation of secondary pollutants.*
Consequently, the development of efficient, cost effective, and
advanced adsorbent materials is essential for practical integration
of adsorption technologies in mitigating the contemporary environ-
mental impacts of dye-contaminated wastewater. Individual and
synergistically combined nanoadsorbents such as nano-zero-valent
iron (nZvI1),> silica (Si0,),** titania (TiO,)*>*” and other composite
adsorbents®® have shown great potential for environmental and
wastewater remediation operations. Recently, Das et al. synthesized
and evaluated the sorption capacity of polyaniline-based magne-
sium ferrite (Pan-MgF) nanocomposite for degradation of cationic
brilliant green dye, and the results corroborated the formation of
the Pan-MgF nanoadsorbent with 90.28% sorption capacity for
brilliant green dye.*

Zero valent iron (ZVI) is a cost-effective and environmentally
benign adsorbent recently employed in a plethora of environ-
mental remediation operations due to its simultaneous and
synergistic adsorption and reduction capabilities.>*>* Nano-zero
valent iron (nZVI), characterized by its excellent chemical reactiv-
ity and injectivity in aquifer systems, is considered a large surface
area electron donor that chemically reduces pollutants to a less
harmful precipitate.”® Despite these outstanding properties of
nZVvI materials in environmental remediation applications, limit-
ing factors such as rapid passivation and particle agglomeration
hindering its dispersibility and overall performance need to be
addressed. Coincidently, researchers have investigated the incor-
poration of nZVI with other functional materials such as chitosan
(CS), silica (Si0,), and titanium dioxide (TiO,), utilizing
their synergistic effects, to overcome the susceptibility of nZvIl
materials to rapid oxidation and improve overall performance.
For example, Zhang et al (2019) synthesized a chitosan (CS)
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composite loaded with well-dispersed nanoscale zero-valent iron
(NZVI/CS). Characterizations showed that the NZVI/CS composite
contained numerous dispersed Fe® nanoparticles, and the
NZVI/CS composite exhibited synergistic adsorption and
reduction capabilities.®® Duan et al encapsulated nZVI in a
porous glutaraldehyde-crosslinked chitosan (GCS), and the
nZVI/GCS material showed great reusability performance.’”
Despite these advances, the stability and synergistic performance
of the nZVI supported nanocomposite depend on the nature and
properties of the supporting materials, making the selection of
suitable supporting materials highly crucial.

SiO, is known for its excellent adsorption properties and
ability to stabilize nZvL,*® while TiO, is a widely studied
adsorbent capable of mineralizing organic pollutants.®® Pre-
vious studies have explored the use of SiO,-supported nZvI
composite materials for wastewater treatment and their results
demonstrated improved performance compared to individual
components.*®*° Hejri et al. reported excellent nitrate removal
efficiency exhibited by the TiO,/nZVI nanocomposite with
a maximum removal capacity of 98.226% achieved under
optimized reaction conditions, 150 minute contact time and
4.185 pH of the solution.®® In another study, Zhao et al.
embedded zero-valent iron nanoparticles (nZvI) within a TiO,
matrix via a one-step electrospinning process and investigated
the performance of nZVI-TiO, nanofibers toward uranium
removal. The nZVI-TiO, nanofibers exhibited excellent perfor-
mance with significant magnetic properties due to the syner-
gistic effects of nZVI and TiO, nanomaterials. Despites this
synergistic performance, existing materials and their synthesis
approaches often suffer from a plethora of limitations such as
rapid recombination, low reducing capacity, complex opera-
tion, and the generation of secondary pollutants.

Encapsulating zero valent iron materials in SiO,-TiO, func-
tional materials via a combined chemical reduction method
could improve chemical reactivity and catalytic activity, and
slow down rapid passivation of nZVI materials.*'*® However,
the development of this ternary nZVI-SiO,-TiO, composite
material and the investigation of pH influence in the synthesis
of this novel material have not been reported. The incorpora-
tion of SiO, and TiO, with nano-zero-valent iron (nZVI) creates
a unique hybrid system that combines the strong reducing
capacity of nZVI, the adsorption properties of SiO,, and the
photocatalytic activity of TiO,. This synergistic integration of
different functionalities within a single composite material
epitomises a novel approach and distinguishing advantage of
nZVI-SiO,-TiO, over other adsorbents toward enhancing the
efficiency and versatility of dye removal technologies. However,
the effective synthesis of nZVI-based nanocomposites depends
on the synthesis conditions, specifically the reaction pH and
drying conditions.””"*° The pH of the chemical reaction can
influence the surface properties, redox potential, and interfa-
cial interactions between the nanocomposite materials, ulti-
mately affecting both their catalytic activity and thermal
stability.”® Hence, discerning the pH-dependent dynamics in
the synthesis of nZVI-SiO,-TiO, nanocomposites is essential
for the optimization of this novel material for environmental
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remediation applications. Thus, this study utilized three differ-
ent pH levels (2, 3, and 4) to synthesize an nZVI-SiO,-TiO,
nanocomposite with sodium borohydride as the reducing
agent. The main objectives of this study are to develop a novel
nZVI-SiO,-TiO, nanocomposite and examine the synergistic
effects of nZVI, SiO,, and TiO, functional materials on the
physicochemical properties of the nZvI-SiO,-TiO, nanocom-
posite. Other investigations include the determination of the
performance of the synthesized nZVI-SiO,-TiO, nanocompo-
sites through methylene blue dye degradation experiments,
evaluation of synthesis pH influence on nZvI-SiO,-TiO, mate-
rial performance, thermal property evaluation through TGA
activation analysis, reusability tests, sorption mechanism,
investigation of pH influence on MB degradation through the
MB dye speciation test, and the final economic considerations.

2 Experimental
2.1 Chemicals

The chemicals used in this study were of analytical grade purity.
Ferric iron nonahydrate (FeN3;Oy-9H,0), ethanol, sodium hydro-
xide (NaOH), sodium borohydride (NaBH,), pre-synthesized SiO,
nanoparticles and TiO, nanoparticles were purchased from
Aldrich and used as purchased without any modification. Deion-
ized water and other solvents used were de-oxygenated by purging
nitrogen (N,) before use.

2.2 nZVI-Si0,-TiO, nanocomposite synthesis method

For the synthesis of zero valent iron nanoparticles, the procedure
described in ref. 50 was followed with little modification. Briefly
0.02 moles of ferric nitrate nonahydrate (Fe(NOj3);-9H,0) were

NaBHs solution
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N
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~
~ ~
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prepared by dissolving 8.08 g of Fe(NOj3);-9H,0 in 30% ethanol
under continuous stirring until complete dissolution. The
solution pH was adjusted to 2.0 using 0.1 M sodium hydroxide
and HCI solutions. Subsequently, 0.05 moles of sodium borohy-
dride (NaBH,) were prepared by dissolving 1.89 g of NaBH, in
100 mL of deionized water (DDI) (slowly dissolving NaBH, in a
glass vial before transferring and filling to the 100 mL mark).
The NaBH, solution was transferred into a burette and added
dropwise into Fe(NO;);-9H,0 solution under continuous stirring
in a nitrogen-controlled atmosphere. The formation of greenish-
black precipitates indicates the initial formation of zero valent
iron particles (see Fig. 1). Finally, pre-synthesised SiO, and TiO,
nanoparticles (1:1 weight, 5.0 g) were prepared according to the
procedure described in ref. 51 and introduced into the comple-
tely black zero valent iron solution. The resulting mixture was
vigorously stirred further for 25 minutes. The precipitates were
collected in vials and washed several times using 90% ethanol to
remove excess reactants and impurities before centrifuging at
40000 rpm and room temperature for 5 minutes. Subsequently,
the precipitates were dried at 60 degrees in a mini tube furnace
under a nitrogen-controlled environment for 7 hours. The pro-
cedure was repeated for pH 3 and 4. SEM, EDX, FTIR, BET, TGA
and DSC were conducted to corroborate the formation of the
nZVI-SiO,-TiO, nanocomposite. The performance of the synthe-
sized nanocomposite in the removal of MB dye was evaluated
using UV-vis analysis at different dye concentrations. Methylene
blue (MB) dye was considered as a model pollutant due to its
extensive industrial applications, chemical stability, and toxicity,
which make it a contemporary environmental concern. The
vibrant colour of MB dye allows for easy examination and
quantification, facilitating accurate assessment of our nZvI-
TiO,-SiO, nanocomposite’s performance. The reduction of

Centrifuging at 40000rpm

Washing n-Times
A

%%x Mini Tube Furnace

Graphical representation of the nZVI-SiO,-TiO, adsorbent fabrication setup.
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Fe*" iron to zero valent iron Fe by sodium borohydride (NaBH,)
was governed by the following reaction:

2Fe(NO;);-9H,0 + 6NaBH, — 2Fe + 6NaNO;
+ 3B,Hg + 9H,0 + 3H, 1)

2.3 Characterizations and performance evaluation

The specific surface area (SSA) of nZVI-SiO,-TiO, was analyzed
using a BET analyser. Nitrogen adsorption-desorption iso-
therms were measured with a Quantachrome NovaWin2 analy-
ser after the samples were degassed at 120 °C for eight® hours
under nitrogen flow to remove impurities. The morphological
characteristics of the synthesized nZVI-SiO,-TiO, nanocompo-
sites were examined using a Hitachi S-4700 field emission
scanning electron microscope (FESEM). The samples were
prepared by mounting them on aluminium stubs and applying
a fine coating using a ‘JFC-1600’ instrument from JEOL Ltd
(Japan). The FESEM images of the sample surfaces were
captured using a Hitachi S-4700 FESEM with a field emission
gun operating at a voltage of 20 kv. This analysis was reinforced
with EDX to examine the elemental compositions of the nano-
composites. X-ray diffraction (XRD) analysis was also con-
ducted to assess the crystallinity of the nanocomposites and
identify the presence of crystalline or amorphous phases. The
nanocomposite samples were examined at room temperature
using a Rigaku SmartLab powder X-ray diffractometer equipped
with CuKo radiation (1 = 1.5418 A). The XRD patterns of all
samples were recorded in the 20 range of 5 to 90 degrees, with a
scanning rate of 2 min~". Differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) were conducted to
investigate the thermal stability and the corresponding thermal
properties of the synthesized nanocomposites following the
steps described in the standard procedure: at onset (323.69 °C),
inflect. point (372.92 °C), end set (388.95 °C) and midpoint
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(351.52 °C) temperature and constant N, supply. Subsequently
UV-vis spectroscopy was employed to analyse the performance of
the nanocomposite materials in the degradation of methylene
blue contaminated water. During UV-vis analysis, methylene
blue solutions with three different concentrations of 3 ppm,
5 ppm, and 10 ppm were prepared from 100 ppm stock solution
(using the C,V; = C,V, relation). Approximately, 5 mL of each of
the samples was transferred to a 10 mm length UV-vis cuvette
and subsequently analysed using a UV-vis spectrophotometer in
the wavelength range of 500-700 nm to obtain the standard
curve. Based on the standard curve, the UV-vis sample analysis
was conducted using baseline parameters in the wavelength
range of 660 to 670 nm. 0.1 g L' of the synthesized nZvI-
Si0,-TiO, nanocomposite was used at varying dye concentra-
tions and reaction times. This performance experiment was
conducted at room temperature and a fixed pH value (pH = 6.0
MB dye solution). The findings are discussed in Section 3.

3. Results and discussion

3.1 Surface morphology and elemental analysis

The nZVI-SiO,-TiO, nanocomposites were synthesized through
a combined chemical reduction method described in ref. 50 and
51 utilizing iron nonahydrate precursor and sodium borohydride
as the reducing agent. To investigate the morphological struc-
ture and elemental composition of the synthesized nanocompo-
sites, scanning electron microscopy-energy dispersive X-ray
spectroscopy (FESEM-EDS) techniques were employed. These
analytical methodologies are widely recognized as effective
approaches for examining surface morphologies and identifying
the elemental constituents at the microscopic scale.*”*™” Fig. 2
shows the morphological structures of the nanocomposites
captured using a Hitachi S-4700 FESEM with a field emission
gun operating at a voltage of 20 kv at different reaction pH

Fig. 2 FESEM images of nZVI-SiO,-TiO, at different reaction pH levels: (a) pH 2 at x20 000 and x5000; (b) pH 3 at x20 000 and x100 000 and (c) pH 3

at x5000 and x100 000 magnifications.
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levels. As shown in Fig. 2(a), at pH 2 and x20000 and x50 000
magnifications, the nanocomposite displays a relatively irregular
shape, with a non-uniform distribution of particles throughout
the matrix, suggesting a low-level homogeneity, a characteristic
property of nZvVI materials.*”>">%°°

The presence of small sized particles within the nanocom-
posites observed across the pH levels corroborates the possible
formation of mesopores.®®®' Although as the synthesis pH
increased from 2 to 4, the particle irregularity decreases, low
level homogeneity was consistent across all pH levels. Fig. 2(a)-
(c) reveals an increased particle sizes as the reaction pH
increases, and this is particularly important since the sizes of
nanomaterials influence their chemical reactivity and photo-
catalytic activity due to the availability of sufficient surface area
for chemical reactions.®>®® Subsequently, the elemental com-
positions of the nanocomposites were analysed through energy
dispersive X-ray spectroscopy (EDS). Fig. 3 shows an increasing
pattern for nZVI percentage by mass ratios in the nanocompo-
sites, and these ratios indicate low iron oxide (FeO,) conversion
or possible precipitation at these pH levels confirming the
influence of synthesis pH on nZVI conversion and their sub-
sequent incorporation in the nanocomposite material.®*®
It is imperative to note that interfacial interactions, redox
reactions, as well as particle nucleation and growth can signifi-
cantly influence the distribution and relative abundance of
the nanoparticles and enhance or limit their incorporation
in the nanocomposites. These factors (viz. interfacial interac-
tions, redox reactions and nucleation and growth of nano-
particles) are in turn dependent on the pH of the chemical
reactions.®*®”
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3.2 X-ray diffraction, BET (Brunauer-Emmett-Teller), and IR
analyses

X-ray diffraction (XRD) and BET (Brunauer-Emmett-Teller) are
two important characterization techniques that are commonly
utilized to analyse the crystalline structures, phase composi-
tions, pore volumes, pore size and specific surface area of
nanomaterials.” These analytical methods are combined herein
to provide a holistic view of the phase, morphologies and/or
textural properties and purity. Fig. 4 shows the XRD and BET
analysis results of nZVI-SiO,-TiO, nanocomposites synthe-
sized at different pH levels. Characteristic peaks observed at
48°,53° 63°, 54.8° and 75° in Fig. 4a are commonly assigned to
the anatase, rutile and amorphous forms of SiO,, TiO, and
nZVI materials (see Table 1).

Consequently, the peaks observed at 37.4° and 63.7°
reflected from the planes (002) and (105, 211), respectively,
are assigned to the index planes of silica tetragonal rutile and
titania tetragonal phases (Table 1). For the nano-zero-valent
iron (nZVI) component, three characteristic diffraction peaks
observed at 44.9°, 55.1°, and 75° reflected from the planes (004),
(004), and (105) are assigned to amorphous Fe® (see Table 1).
However, in the diffraction pattern of the nZVI-SiO,-TiO,
composite prepared under the pH = 2 condition, no significant
peaks were observed aside from the three characteristic peaks
assigned to amorphous Fe’, $iO, and TiO, phases. This sug-
gests that no new phases were formed during the chemical
reduction process under this reaction condition.

The presence of hysteresis in Fig. 4(a)—(c) strongly confirmed
the presence of porosity in the nZVI-SiO,-TiO, nanocomposite
material. The hysteresis loop with a closed ended cylindrical

:—-pH 4 Elemental compositions
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Fig. 3 Energy dispersive X-ray spectroscopy (EDS) of nZVI-SiO,-TiO, synthesized at pH 4, pH 3 and pH 2.
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pH 2. (c) and (d) Adsorption—desorption isotherms at pH 3 and pH 4, respectively.

Table 1 Identified peaks from XRD analysis of the novel nZVI-SiO,-TiO,
nanocomposites under different reaction conditions

SiO,-TiO,~nZVI Experimental peaks Ref.

pH 2 Ti(101), (102), (215) 68-71
Fe®(004), (101), (105)
Si(105), (211), (215)

pH 3 Ti(101), (102), (215) 68-71
Fe®(004), (101), (105)
Si(105), (211), (215)

pH 4 Ti(101), (102), (215) 41 and 69-71

Fe®(004), (101), (105)
Si(105), (211), (215)

shape observed in Fig. 4(b) resulted from the physical processes
of adsorption and desorption being relatively different. The
adsorption that occurred from the side of the nZVI-SiO,-TiO,
inward, due to condensation, progressed until the nZVI-SiO,—
TiO, pores were completely filled resulting in the formation
of a type IV adsorption isotherm.”® The pore size distribution
shown in Fig. 5(a) corroborated these mesoporous particles
with 2-50 nm diameter distribution. A similar pattern was
reported in ref. 73. The observed desorption isotherm shows
a gradual slope associated to restrictions in pore entrance, a
typical characteristic of type H2b hysteresis loops. From
Fig. 4(b) and (c), it can be seen that the adsorption isotherm
is flattened at low pressure with condensation as the relative
pressure increases, while the corresponding desorption iso-
therms abruptly close the adsorption isotherms, indicating
the occurrence of cavitation phenomena or possible bubble
formation during the desorption process which is an indication

© 2024 The Author(s). Published by the Royal Society of Chemistry

of a type II adsorption isotherm with a type H3 hysteresis
loop.”” Typically, a type II isotherm with type H3 hysteresis is
characterized by the presence of micro- and mesopores and this
was confirmed in the pore size distribution curve (Fig. 5(b) and
(c)), where the pore diameter of the particles is inclined towards
the micropore region (below 2.0 nm diameter), which is more
pronounced as the synthesis pH was increased from 3 to 4. As
shown in Fig. 4(b) and Table 2, at pH 2 the nZVI-SiO,-TiO,
nanocomposite exhibited a relatively high surface area of
130.783 m” g, indicating a significant amount of accessible
surface for adsorption and catalytic reactions.”*”> From
Table 2, in the above reaction condition, the average pore
radius of 80.47939 A suggests the presence of mesopores, which
is ideal for accommodating dye molecules.”® The total pore
volume of 5.545 x 107" cc g ' reflects the availability of
sufficient pore space for dye adsorption as the pH is increased
to 3, and the nZVI-SiO,-TiO, nanocomposite exhibited a
reduced surface area of 4.850 m”> g~ compared to pH 2. This
decrease in surface area suggests probable structural changes or
aggregation.*® Furthermore, the average pore radius of 1.13346 x
10° A indicates the presence of larger pores which can also be
seen on the adsorption/desorption isotherm in Fig. 4(c). This
indicates the potential formation of macro- or mesopores with a
reduced total pore volume of 2.749 x 10~ " cc g~ '. As shown in
Fig. 4(d), however, at pH 4 the nZVI-SiO,-TiO, nanocomposite
exhibited an intermediate surface area which is 7.8 times greater
than that at pH 3. The average pore radius of 3.13847 x 10” A
suggests the presence of smaller mesopores compared to pH 2.
The total pore volume of 6.050 x 10 ' cc g~ " indicates a relatively
high availability of pore space for adsorption compared to the
previous pH level.® These variations can influence the
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Fig. 5 Pore size distribution curves of the SiO,-TiO,—nZVI nanocomposite

synthesized at pH 2, 3 and 4.

Table 2 BET analysis results of the SiO,—TiO,—nZVI nanocomposite under varying reaction conditions (pH)

Si0,-TiO,—nZVI Surface area (m” g )

Average pore radius

Total pore volume

pH 2 130.783 80.47939 A
pH 3 4.850 1.13346 x 10° A
pH 4 38.555 3.13847 x 10% A

performance of the nanocomposite in terms of dye adsorption
capacity and catalytic activity’” corroborating the influence of pH

37f7
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Fig. 6 FTIR analysis of nZVI-SiO,-TiO, nanocomposites synthesized at
different pH values (2, 3 and 4).
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5.545 x 10 ' cc g™"
For pores smaller than 1685.8 A (radius) at P/P, = 0.9942
2.749 x 10 ' cc g™t
For pores smaller than 1660.7 A (radius) at P/P, = 0.9942
6.050 x 10 ' cc g™’
For pores smaller than 1664.1 A (radius) at P/P, = 0.9942

variation on the fabrication, physicochemical properties, and
catalytic activity of the nZVI-SiO,-TiO, nanocomposite.

3.2.1 Infrared Raman (IR) spectroscopy analysis. Infrared
Raman (IR) spectroscopy utilizes Raman scattering of a material
subjected to irradiation by monochromatic light or a laser to obtain
information on the chemical bonding properties of the material.
Fig. 6 shows the FTIR spectra of nZVI-SiO,-TiO, nanocomposites
synthesized at pH 2 (a), pH 3 (b) and pH (4), respectively.

The vibrational bond stretching of Ti-O-Ti and Fe-O was
observed in the 484-500 cm ™" range, and these peaks are attributed
to metal-oxygen bonds which play a significant role in the adsorp-
tion support provided by TiO, to the nZVI component of the nZvVI-
Si0,-TiO, nanocomposite.”® However, overlapping peaks in this
region could indicate a probable -Si-O bending vibration. Fe-O-H
vibrational bond stretching peaks are indicated between 500 and
742 cm™ ' of the absorption band,”® while the bonding vibration
between Fe-O-Ti is characterized by the absorption peak at
2360 cm™ ~* Similarly, peaks in the range from 1000 to 1006 cm ™'
of the absorption bands are associated to the Si-O-Ti asymmetric or

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Si-O-Si symmetric stretching vibrations on the surface of the nZvI-
SiO,-TiO, nanocomposites which in this case are observed to be
negatively shifted gradually as the pH increases from 2 to 4,*' while
the peaks at 600 cm ™ and 1100 cm ™' indicate the existence and
vibrational modes of the hydroxyl groups (O-H) bonded to the iron
(Fe) or titanium (Ti) atoms, i.e. Fe~OH or Ti-OH.*” These hydroxyl
groups are a crucial part of the surface chemistry of nZVI-SiO,-
TiO, and can influence the adsorption, catalytic, and other func-
tional properties of the nZVI-SiO,-TiO, nanocomposite material.
The peak at 1630 cm ™" represents -O-H bending vibrations on the
nZVI surface. Comparing the spectra of nZVI-SiO,-TiO, at pH 2,
pH 3 and 4, it can be deduced that the overall shape and peak
positions are quite similar. However, there are subtle differences in
peak intensities, which might indicate variations in the surface
chemistry of the nanocomposites at different pH levels, corrobor-
ating the influence of pH in the synthesis of this novel material.

3.3 Differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA)

DSC and TGA are two complementary techniques that are used
to investigate the thermal characteristics and properties of
materials.*>®* The DSC technique provides information about
the thermal transitions and phase changes that occur within
nanocomposites, such as melting, crystallization, oxidation, or
decomposition events, by measuring the difference in heat flow
between the sample and a reference material as a function of
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temperature or time.* The TGA technique on the other hand
measures the change in the mass of a sample as a function of
temperature or time to provide information about the thermal
stability and decomposition behaviour of the composite
materials.” Fig. 7 and 8 provide the DSC and TGA analysis results,
and the TGA curves in Fig. 8 show the weight loss behaviour of the
nanocomposite as a function of temperature. It indicates the
temperature range over which the nanocomposite exhibits ther-
mal stability, as well as the onset of decomposition or mass loss
events. The varying slopes and inflection points in the TGA curves
(Fig. 8(a)) suggest that the nanocomposite undergoes multiple
stages of thermal decomposition or mass loss due to the release of
adsorbed moisture and/or the oxidation/reduction of the inor-
ganic phases (e.g., zero-valent iron, titanium dioxide, silica). At
lower temperatures (<400 °C), the nanocomposite prepared at pH
4 shows the highest thermal stability, followed by pH 3 and pH 2.
Furthermore, the onset of a major weight loss occurs at higher
temperatures for both samples and is more profound for the pH 2
and pH 3 synthesized samples, indicating moderate thermal
stability,®> compared to the pH 3 and pH 2 samples.

The DSC curves in Fig. 7(a), however, revealed the thermal
transitions and phase changes occurring in the nanocomposite
under different pH conditions. The endothermic and exother-
mic peaks correspond to events such as the reduction of
iron oxides, phase transformations of TiO,, and interactions
between the nZVI, Si0,, and TiO, components.”® The positions

1 (b)
40 i
30 4

20+

Heat flow [mW]

T T
400 500 600

Temperature [°C] I

) 7

Heat flow [mW]

T T
200 300 400 500 600
Temperature [°C]

Fig. 7 Differential scanning calorimetry (DSC) analysis of SiO,—TiO,-nZVI nanocomposites synthesized under different pH conditions. (a) Stacked
comparison of the thermal behaviour of SiO,-TiO,—-nZVI under all three reaction conditions; (b) thermal behaviour of SiO,-TiO,—nZVI at pH 2; (c)
thermal behaviour of SiO,-TiO,-nZVI at pH 3 and (d) thermal behaviour of SiO,-TiO,-nZVI at pH 4.
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TGA plots, (b) stacked DSC plots and (c) and (d) TGA weight percent derivatives.

and intensities of these thermal events vary significantly
between the pH conditions, suggesting that the pH of the
environment influences the phase composition and interac-
tions within the nanocomposite.®*®®” The weight loss curves
reported for the individual nZVI and the novel nZVI-SiO,-TiO,
components show distinct differences, and the nZVI compo-
nent exhibits a sharp weight loss at around 400 °C, corres-
ponding to the oxidation of zero-valent iron. In the nZVI-SiO,—
TiO, nanocomposite, this oxidation event is shifted to higher
temperatures and occurs in a more gradual manner, indicating
improved thermal stability and oxidation resistance of the nZvI
phase.®® The derivative TGA plot in Fig. 8(d) shows the rate of
weight loss as a function of temperature for the nZvVI-SiO,-TiO,
nanocomposite at pH 3. This plot provides additional insights
into the thermal decomposition stages and the influence of the
different components on the overall thermal behaviour. The
multiple peaks and inflection points in the derivative TGA curve
suggest the occurrence of complex thermal events and mole-
cular interactions®® within the nZVI-Si0,-TiO, nanocomposite.

3.4 Catalytic activity and performance evaluation using
methylene blue dye degradation experiments

MB dye solutions with varying concentrations of 3 ppm, 5 ppm,
and 10 ppm were prepared following the procedure described
in Section 2.3. MB dye concentrations were subsequently reas-
sessed using UV-vis spectroscopy at 10-minute intervals.

The removal efficiencies (%) and quantity of MB dye removed
were computed using the following mass balance relations:

(Co—Ce) x V

qe = m

2)

9300 | Mater. Adv, 2024, 5, 9292-9313

Co— Ce
0

Removal efficiency (%) = x 100

(3)
where C,, C, are the initial and equalization dye concentrations
(mg L), V is the bulk volume (L) of MB dye solution and m is
the mass (g) of nZVI-SiO,-TiO,.

The results in Fig. 9 and 10 show the performance of the
nZVI-SiO,-TiO, nanocomposite in MB dye removal at different
time intervals and MB dye concentrations and the amount of
MB dye adsorbed at a given time, ¢ (min). The nZVI-SiO,-TiO,
nanocomposite synthesized under pH 2 reaction conditions
(Fig. 9(c)) exhibited the fastest dye degradation rate with the
maximum removal efficiency reaching up to 100% in 20 min for
3 ppm MB dye solution and 99.6% and 98.9% for 5 and 10 ppm
after 20 min, respectively.

The steep slope curves of the nanocomposite synthesized at
pH 2 indicate rapid degradation of the methylene blue dye,
removing >90% of the dye in the first 10 minutes. This
suggests the excellent catalytic activity of the nZVI-SiO,-TiO,
nanocomposites and their promising applications for environ-
mental remediation.”* The catalytic performance of the nano-
composite synthesized under the pH 2 condition is consistent
with the findings from the materials characterizations
described in Section 2.3, including IR, FESEM, EDS, BET,
XRD, TGA, and DSC. The pH 2 synthesized nanocomposite
displayed moderate thermal stability, structural integrity, and
significant synergistic interactions of the nZVI, SiO,, and TiO,
components in the nanocomposite. These exceptional charac-
teristics accounted for its enhanced catalytic activity®® and dye
removal efficiency.”® The nanocomposite samples synthesized

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00853g

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 23 October 2024. Downloaded on 7/20/2025 7:50:25 PM.

(cc)

Paper

@)

e,

(©

C/Co

N o F o
3 10ppm *- pH2 N Sppm [ pHd
34 —v—pH3 3T
—o—pH4
I - x
| BoISIS putee o L R e B %
240
\.
%
N
e P I T, : S _I
i )4 Y  { Y
I 3 ]
01 T T 1
0 .20 .30 40
Time (Min.)
;.i‘ 3ppm (m

20 30
Time (Min.)

3Concentrfition (ppns

View Article Online

Materials Advances

Removal efficiency (%)

Fig. 9 Performance of the nZVI-SiO,-TiO, nanocomposite in the degradation and removal of methylene blue dye at different methylene blue dye
concentrations: (a) 10 ppm methylene blue dye concentration, (b) 5 ppm methylene blue dye concentration and (c) 3 ppm methylene blue dye
concentration. (d) Dye removal efficiencies versus concentrations.

@
10 4
:
8 ;
K
a
B 3 --e-pH2
= ;
oD 64 :
=} .
- :
4
!
24 /
;
B
0 r r r r
0 10 20 30 40
Time (min)
35
(c) > )
3ppm
3.04 e e PO 3
4 i i L 4
25+ 5o =
2 - pH2
= 204 - pH3
20 ~v- pH4
S0
E 15+
Nl .
o
104 -
054 -
0.0 r r r r
0 10 20 30 40

Time (min)

Q, (mg/g)

6
Sppm
| e B e TR
 aeeeesseses” Preeer ;
N —-=pH2
7 ——pH 3
3 cesemes pH 4
34
24
14
0 . . . :
0 10 P o -
Time (min)
10ppm
10 4 _..,.£p<_~ _—
pLaien AT R de = pH3
. . pH2
8 :/ pH2
ll pH 3
) / 5 —*=pH4
/‘ Sppm  ——pH2
e T T T b e 8o =pH 3
44 I & p
f
y /" 3ppm
04
10 20 30 T
Time (mlll)

Fig. 10 Amount (mg g~ of MB dye adsorbed per unit mass of nZVI-SiO,—TiO, at a given time, t (min). (a)—(c) The amount of MB dye adsorbed at a
given time for Co = 10 ppm, Co = 5 ppm and Co = 3 ppm; (d) comparison of the quantity adsorbed at different dye concentrations.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv., 2024, 5, 9292-9313 |

9301


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00853g

Open Access Article. Published on 23 October 2024. Downloaded on 7/20/2025 7:50:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

under pH = 3 and pH = 4 conditions show low dye degradation
efficiencies of 96% and 97% compared to the pH = 2 sample.
This is evident from the less steep slopes of the corresponding
curves in Fig. 10(a) and (b) during the first 10 minutes of the
dye degradation reactions. Furthermore, the dye removal effi-
ciency decreases as the synthesis pH was increased from 2 to 4,
with the pH = 4 nanocomposite sample exhibiting the lowest
overall removal performance. The plot of the amount of MB dye
(mg g~ ") adsorbed versus contact time presented in Fig. 10(a)~(d)
further compared and confirmed the superiority in the perfor-
mance of the pH 2 synthesized nanocomposite.

3.5 TGA activation energy analysis

To determine the reusability of the spent catalysts and the
range of their thermal stability, TGA activation energy analysis
was conducted (see Fig. 11). This was done by simplifying
and applying the Arrhenius equation to all nZVI-SiO,-TiO,
nanocomposites synthesized under pH 4, pH 3 and pH 2,
respectively.

The Arrhenius plots for the nZVI-SiO,-TiO, nanocomposite
samples show a linear relationship between the logarithm of
the rate constant (In(k)) and the inverse of temperature (1/7),
while the slopes of the linear fits in Fig. 11(b)-(d) provide the
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activation energy (E,) for the thermal degradation process
of the materials. The TGA activation energies of 54 kJ mol %,
58 k] mol *, and 61 kJ mol " when decreasing from pH 4 to pH
2 suggest the facilitation of thermal degradation reactions
within the nZVI-SiO,-TiO, nanocomposites at lower pH, which
can be associated to the synergistic properties of nZvl, SiO,,
and TiO, components, as well as the possible enhanced redox
reactions and catalytic activity under these conditions, thus
potentially making nZVI-SiO,-TiO, nanocomposites reusable
and suitable for thermally demanding processes.

3.6 Reusability experiment

The reusability of SiO,-TiO,~-nZVI nanocomposites for MB dye
removal was investigated following the procedure described in
ref. 92 with little modification. Briefly, after the first cycle (as
described in Section 2.3), the SiO,-TiO,-nZVI nanoparticles were
centrifuged at 4000 rpm and 25 °C temperature. The dye laden
Si0,-TiO,—nZVI particles were then washed with 90% ethanol
solution several times and centrifuged again at 4000 rpm and
room temperature before subsequent drying in a mini tube
furnace under nitrogen conditions. The dried powder was reused
as done in the previous performance test and the procedure was
repeated following each cycle. In this recyclability test, 5 cycles
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Fig. 11 TGA activation energy analysis of nZVI-SiO,-TiO5 (a), linear fit at pH 2, (b) linear fit at pH 3 and (c) linear fit at pH 4 (d).
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were considered in evaluating the sorption capacities with
respect to the number of cycles as shown in Fig. 12.

The sorption capacities of SiO,-TiO,-nZVI nanocomposites
after 5 successive sorption-desorption cycles declined from 9.42
to 8.93 mg g~ ! (4.9%) for the sample synthesized at pH 2, 9.07 to
7.71 mg g~ " (13.6%) for the sample synthesized at pH 3, and 9.28
to 7.897 mg g~ " (13.8%) for the sample synthesized at pH 4. The
observed trend is associated to the strength of chemical bonds
between SiO,, TiO,, and nZVI. Another factor is oxidation
coupled with a significant amount of hydroxyl group generation
during the desorption process.”>** Fig. 13 reveals the influence
of synthesis pH on the equilibrium adsorption for SiO,-TiO,—
nZvI nanocomposites synthesized at different pH values.

These findings (from Fig. 12 and 13) further unveiled the
considerable influence of synthesis pH on both the performance
and regenerative properties of the synthesized nanocomposites.
However, the sorption capacities of SiO,-TiO,-nZVI nanocom-
posites were found to decrease slightly during the sorption-
desorption process, and among them, the sorption capacity of
the SiO,-TiO,~nZVI nanocomposite synthesized at pH 2
declined about 3 times compared to the subsequent pH values
(see Fig. 13), indicating high performance and stability of iron
materials synthesized under this reaction condition.”* In con-
clusion, the recyclability and recoverability test corroborated the
economic potential of the SiO,-TiO,—nZVI nanocomposite for
wastewater remediation unveiling the distinctive abilities of the
material to be used and reused with high sorption capacities.
These distinctive sorption and physicochemical properties of
SiO,-TiO,-nZVI were further compared with other emerging
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Fig. 13 Influence of synthesis pH on the equilibrium adsorption, g (mg
g7, of Si0,-TiO,—-NnZVI nanocomposites.

sorbent materials such as the MgFe,0,/polyaniline nanocompo-
site developed to remove methyl red dye®> and modified jarul
bio-char/polypyrrole (CLSHB/PPy) for the treatment of pharma-
ceutical effluent,”® among others reported in the literature.
Table 3 compares the efficiencies and other imperative adsorp-
tion parameters of the developed SiO,-TiO,-nZVI nanocompo-
sites with other adsorbents for removal of MB dye.

3.7 Sorption mechanism

Fig. 14 shows the FTIR spectra of the SiO,-TiO,-nZVI nano-
composites before and after sorption. From this figure, the

5

100

= B Cycle

TR 2 cycle
FE 3¢ Cycle

20
Time (min)

Sorption capacities of MB dye by SiO,—TiO,—nZVI nanocomposites after five successive cycles: (a) SIO,-TiO,—nZVI at pH 4, (b) SiO>-TiO,—nZVI

at pH 3, (c) SiO,—-TiO,—nZVI at pH 2 and (d) percentage MB removal per time in the first three regenerative cycles.
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Table 3 Comparison of SiO,-TiO,—nZVI and other adsorbent materials reported in the literature for MB dye removal

Catalyst materials Light sources Catalyst conc. (mg L)

Dye conc. (mg L") Efficiency (%) Contact time (minutes) Ref.

Si0,-Ti0,-nZVI
Fe;0,@8i0,-TiO,

No light source used 0.1
Uv36e5nm,6 x 8W 1

MNP@SiO,@TiO, UV 365 nm, 80 W, Hg 0.56
v-Fe,03/S10,/C-TiO, Sunlight 3.5
1-Fe,04/810,/GSs/TiO, UV 3.5
v-Fe,03/Si0,/GSs/TiO, UV 0.04

characteristic peaks observed from 1000 to 1060 cm ' in

Fig. 11a, corresponding to the Si-O-Ti asymmetric or Si-O-Si
symmetric stretching vibrations, are seen to be stretched,
broadened and negatively shifted to around 980 ecm ™' in
Fig. 14(b) after sorption with the increase of pH from 4 to 2.
This indicates surface interactions of the hydroxyl (Ti-O-H)
and silanol groups (Si-O-H) with the amino and/or sulphur
functional groups present in MB dye molecules.'”" The adsorp-
tion of MB dye on these metal oxide surfaces could result in a
bathochromic (red) shift of the MB absorption spectrum due to
changes in the electronic transitions of the MB dye upon
adsorption on the nZVI-SiO,-TiO, surface,’® corroborating
the bond transformation as the MB dye is being adsorbed on
the surface of SiO,-TiO,-nZVI nanocomposites. The aromatic
rings of the MB dye sustained by sulphur and nitrogen hetero-
atoms are likely broken during this bond transition, resulting
in the breakage of S-Cl bonds and initiating the dye degrada-
tion process and formation of MB" molecules.'® It is impera-
tive to note that no significant bathochromic shift of the peaks
was observed for the SiO,-TiO,-nZVI nanocomposite synthe-
sized at pH 4 after the sorption procedure, and this confirmed
the influence of synthesis pH on the possible reaction potential
of the SiO,-TiO,-nZVI nanocomposite. The peaks at 400 to
500 cm~ ! were completely shifted after the adsorption proce-
dure as shown in Fig. 14(b). These peak shifts are associated
with increased dye adsorption on the nanocomposite surface
due to large hydroxyl group interactions with MB dye molecules
at the heterogeneous surface of SiO,-TiO,—-nZVI and possible
interactions between Fe® and the sulphur functional group of
MB dye molecules, resulting in subsequent reduction of Fe® to
Fe*" or disappearance of undissociated dye (MB°) species. This
reduction and presence of hydroxyl groups enhances complete
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oxidation of MB dye-methyl components and the subsequent
hydroxylation of the sulphonated components of the dye
molecules.'® The peak at 2360 cm " is associated with Ti-O-
Fe bonds from TiO,, and nZVI shrinks after sorption as
shown in Fig. 14b. This could indicate possible formation of
reactive oxygen species (ROS) from nZVI due to electron sup-
port from the surface of TiO,, resulting in ROS interactions
with the cationic MB site."** Peaks observed at 2900 cm ™" for
nanocomposites before sorption (Fig. 14(a)) are completely
stretched after adsorption (Fig. 14(b)), while the peak at
3737 cm™ ! was shifted after adsorption which could be asso-
ciated with the n-r interactions between the aromatic rings of
MB dye'®® and the heterogeneous surface of the SiO,-TiO,-
nZvI nanocomposites. In conclusion, methylthioninium chlor-
ide or simply MB dye interacted with the SiO,-TiO,-nZVI
nanocomposite surface through adsorption and reduction
reactions.

The possible chemical reactions are divided into adsorption,
chemical reduction and possible photocatalytic reactions due
to the presence of TiO, which is not investigated in this study.
The porous and high surface area of SiO, and TiO, provided
abundant adsorption sites for the MB dye molecules. While
methylene blue molecular adsorption occurs through hydrogen
bonding, electrostatic interactions, and coordination bonding
between the functional groups on the heterogeneous SiO,-
TiO,-nZVI adsorbent surfaces and the MB dye, the Fe® in the
nZVI directly reduces the adsorbed MB dye molecules through
heterogeneous electron transfer. The reduced iron species
(Fe*") further reacts with hydrogen peroxide (H,0,) to generate
additional hydroxyl radicals (OH®) through the Fenton-like
reaction.

Possible reaction mechanisms are as follows:

(b)

1000 3737

1630 T

2360 @pH4
\ A
J \ P
1723 I

@pH 3

Absorbance (au)

1000 2000 3000

Wavelength (cm’l)

4000

Fig. 14 FTIR spectra of the nZVI-SiO,-TiO, nanocomposites before (a) and after (b) MB dye degradation.

9304 | Mater. Adv., 2024, 5, 9292-9313

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00853g

Open Access Article. Published on 23 October 2024. Downloaded on 7/20/2025 7:50:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Si-OH + C;H;5CINsS — Si-O-C,H,sCIN,S + H'

(4)
Ti-OH + C;6H;5CIN;S — Ti-O-C,;sH;5CIN,S + H'
(5)
Ti-0-C;6H;5CIN;S" — Ti-O-C;6H;gCIN;S (6)
Redox reactions with nZVI are as follows:

Fe® + C;4H;5CIN;S™ — Fe?' + reduced C;4H;5CIN;S
(7)
Fe’ + H,O — Fe*" + 2HO™ (8)
Fe’* + H,0, — Fe** + OH* + OH~ 9)
OH"* + C;6H;3CIN3S — degradation products (10)

3.7.1 Predominant sorption mechanism and thermody-
namic parameters. To evaluate the influence of temperature
on the physicochemical properties and the sorption of MB dye
on the nZVI-SiO,-TiO, nanocomposite, the thermodynamic
parameters of the nanocomposite were investigated. The ther-
modynamic parameter studies were conducted using 0.01 mg
L~! of the synthesized nZVI-SiO,-TiO, material at four differ-
ent temperatures of 303 K, 313 K, 323 K, and 333 K with a fixed
contact time of 40 minutes between the adsorbent and the MB
dye solution. The van’t Hoff equation was employed.

AH AS
AG = AH — TAS (12)
Kq = % (13)
€

where Ky is the adsorption equilibrium constant; AG is the
Gibbs free energy; AH is the corresponding change in enthalpy;
AS is the change in entropy of the material; R (= 8.341) is the gas
constant (k] mol~" K™"); and T is the dye solution temperature
in Kelvin.

Thermodynamic parameters, viz. the Gibbs free energy of
adsorption (AG°), enthalpy change (AH°), and the entropy
change (AS°), were evaluated from the slope and intercept of
Fig. 15. Fig. 12 shows the relationship between the sorption
equilibrium constant, In(Ky), and the inverse temperature (1/7).
The enthalpy value gives insight into the predominant adsorption
mechanism. AH° values for physical adsorption are basically
below 4.2 k] mol !, whereas for predominant chemical adsorp-
tion, AH° values exceed 21 kJ mol~"."°® Hence, AS and AH (46.15
k] mol ') obtained from the slope and intercept of Fig. 12
confirmed the dominant chemisorption nature of MB dye sorp-
tion on the nZVI-TiO,-SiO, surface. Subsequently, the Gibbs free
energy, AG, at various temperatures was evaluated (see Table 4).
The negative sign in AG which declined with increasing tempera-
ture indicates the spontaneity of the MB dye sorption process on
the nZVI-SiO,-TiO, nanocomposite surface. This spontaneity and
the negative sign in AG trends are characteristic properties of ZVI

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Equation y=a+bix
Plot Ln(K d) = Ln(Kd)
Weight No Weighting : .
Intercept 20.62755 + 2.93156 Linear Fit
4 4 L Slope -5551.16287 + 930.50
Residual Sum of Squa 0.08508
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R-Square (COD) 0.94679
di. R-Square 0.92019
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Fig. 15 Sorption thermodynamic parameters of MB dye sorption on the
nZVI-TiO,—-SiO, nanocomposite.

nanocomposite materials reported for a plethora of environmen-
tal remediation applications.

3.7.2 Synergistic effects. The adsorption of MB on the
Si0,-TiO,—-nZVI nanocomposite surface was observed to attract
the MB dye molecules into proximity with the redox-active nZvI
sites, enhancing the occurrence of the reduction reactions. The
SiO, component of the nanocomposite provides sufficient
hydroxyl groups and a high surface area,*® resulting in an
enhanced adsorption capacity for MB dye on the nanoadsor-
bent of up to 100% (refer to Fig. 9 and 10). This occurred due to
improved electrostatic interactions and hydrogen bonding
between MB dye molecules and the nZVI-SiO,-TiO, nanocom-
posite surface. The possible photocatalytic activity in the
adsorption sites of TiO, components can be improved by the
electron-trapping ability of nZVI,””*® which could lead to the
generation of more reactive oxygen species.'®” Subsequently,
the magnetic properties of nZVI'%® enabled easier separation
and recovery of the nZVI-SiO,-TiO, nanocomposites. These
synergistic properties distinguished our novel material and
enabled efficient and improved reutilization of the SiO,-
TiO,—nZVI adsorbent. Table 5 compares these synergistic
effects with other reported nanoadsorbent materials.

3.7.3 Analysis of the MB dye aggregation state and specia-
tion behaviour under varying pH conditions. The potential
changes and aggregation state of MB dye molecules during
the degradation process in the presence of the novel SiO,-TiO,-
nZVI nanocomposites were investigated before and after treat-
ment. Fig. 16 shows the adsorption spectrum of MB dye
solutions adsorbed following UV-vis analysis. The degradation

Table 4 Thermodynamic properties of MB dye sorption onto the nzZVI-
SiO,-TiO, nanocomposite at 303-333 K

Temperature (K) AG (k] mol™")  AH° (kj mol™")  AS° (k] mol ™)

303 —5.811359461  46.15237 0.171497
313 —7.526333968

323 —9.241308475

333 —10.95628298
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Table 5 Comparison of the synergistic effects of nZVI-SiO,-TiO, with other adsorbents

Previous studies nZVI-TiO,-SiO, (this study) Ref.
Adsorbent perfor- He et al. used Klebsiella oxytoca biosorbent for MB dye =~ The nZVI component of SiO,-TiO,-nZVI facilitated 109-
mance and contact  removal. The adsorption capacities of both LRC and DRC reduction-oxidation reactions, completely (100%) 111

time toward MB dye reached about 90%.

degrading and mineralizing the dye compounds within a
short period (20 min).

nZVI-biochar was studied by Zeng et al. (2023); the
reduction reaction equilibrium was achieved after 100

min

Xu et al. used nZVI-PCB for the adsorption and reduction
of chromium. They reported a contact time of 220 minutes

prior to equilibrium reaction concentration.
Magnetic separation

Rajabathar et al. recorded 97% MB dye removal efficiency The presence of nZVI provided magnetic properties to the 103

under sunlight using Fe-TiO, within 40 min. The authors nZVI-TiO,-SiO, nanocomposite, thereby enhancing

reported no significant magnetic properties during reu-

sability analysis.
Reusability and cost
effectiveness

dye removal after 5 regenerative cycles.

Synergistic effects with Inamdar et al. reported 92% Congo red dye removal using Silica (SiO,), titanium dioxide (TiO,), and nanoscale zero-

an enhanced adsorp-
tion capacity

tetragonal titania nanoparticles (TiO, NPs)

experiment followed the procedure described in ref. 112 with
little modification. The modified procedure briefly involves the
preparation of standard solution (10 ppm) separately. Subse-
quently, 0.003 g of the nanocomposites (synthesized at pH 2, 3,
and 4) were introduced into 3 separate beakers (250 mL
capacity), each containing 30 mL of 10 ppm dye solution at a
fixed pH (6.0). The resulting mixture was stirred for 40 minutes
and centrifuged at 4000 rpm for 5 min under room temperature
to separate the dye laden particles from the treated dye solu-
tions. The procedure was repeated and the absorbance was
immediately measured after every cycle.

In Fig. 16(a), the presence of a shoulder near the monomer
peaks indicating the presence of MB aggregated molecules is
associated to the presence of trimers and/or higher MB dye
aggregates. Similar patterns were observed by Kobayashi et al.
(1989). In Fig. 12b, after dye degradation, the monomeric peaks
were shifted from 664 nm in Fig. 16(a) towards shorter

( ) 25
a
204 fe====10ppm Concentration
Sppm Concentration
475 === 73ppm Concentration
@
2 |MB Dye Absorbance
1.0 .
2 Before reaction
2 054
=
<
0.0
05+
-1.0 T T T
500 550 600 650 700
Wavelength (nm)

Bahrami et al. utilized a microplastic adsorbent for the
removal of MB dye from contaminated wastewater; the
microplastic adsorbent catalyst material exhibited 74%

Absorbance (au)

separation and recovery of the adsorbent material and
amplifying the overall water treatment process.

The developed SiO,-TiO,-nZVI adsorbent has shown sig-
nificant prospects when regenerated and reused for mul-
tiple cycles (93% to 85% in five cycles) improving the
overall cost-effectiveness and sustainability of the dye
contaminated wastewater operations.

106

102
valent iron (nZVI) provide a high surface area and diverse
adsorption sites resulting in an improved dye adsorption
capacity greater than 99% compared to individual
components.

wavelengths to the dimer peaks at 605 nm (see Fig. 16b). This
is due to the heterogeneous surface nature and the precipita-
tion properties of the SiO,-TiO,~nZVI nanocomposites, gener-
ating small sizes of MB dye aggregates after encountering the
nanocomposite surface functional groups.'** No higher MB dye
aggregates, trimers and/or tetramers were observed after treat-
ment with SiO,-TiO,-nZVI. Potentially, degradation of MB dye
by SiO,-TiO,—nZVI occurred through monomer mineralization
and formation of a small amount of MB dimer precipitates.
However, the pH of MB dye solution can potentially impact the
electronic charge distributions on the heterogeneous surface of
SiO,-TiO,—nZVI materials, hence influencing both the electro-
static interactions between MB dye molecules and the nano-
composites, as well as speciation of MB dye molecules in the
solution. Therefore, the MB dye speciation analysis was con-
ducted. The speciation of MB dye molecules (see Fig. 17)
describes the relative abundance of two major MB dye species,

031 (b)
0.44 :
After reaction
——pH2
——pH 3
0.24  pH4
! M/\G,M
0.04
500 550 600 650 700

Wavelength (nm)

Fig. 16 MB dye adsorption spectra before (a) and after (b) exposure to SiO,—TiO,—nZVI nanocomposites.
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viz. the cationic form or MB" and the undissociated molecule or
MB?, as a function of solution pH. At a lower pH of MB solution
(2 and 3), from Fig. 17(a)-(c), undissociated MB species (MB°)
predominated (> 80%) for both nanocomposite samples. At pH
4, both MB® and MB" coexisted with the SiO,-TiO,~nZVI
nanocomposite synthesized at pH 2 having a slightly greater
proportion of MB' species at a lower pH (Fig. 17(d)). At pH =
pK,, mineralized and undissociated MB dye species coexist in
equilibrium. Above pH = 5.8, all the MB dye species were
dissociated, and no undissociated MB® is present in both
nanocomposite samples. In conclusion, solution pH was
observed to significantly influence the mineralization and/or
formation of undissociated MB dye molecules and these find-
ings are in conformity with the results of Sun et al.'® Lower
solution pH values favoured the formation of undissociated MB
species and vice versa.'"® The nanocomposite synthesis pH
progressively influenced the overall interactions of the SiO,—
TiO,-nZVI nanocomposite material with MB dye molecules
favouring the formation of MB" species.

3.8 Economic analysis

Prior to industrial or large-scale application of SiO,-TiO,-nZVI,
apart from the promising performance of this novel material, it
is imperative to consider the cost and feasibility of SiO,-TiO,—
nZVI for industrial/large-scale purposes. The production of

View Article Online

Materials Advances

SiO,-TiO,—nZVI requires the utilization of primary chemicals
mentioned in the list of materials above, namely, silica, titania,
iron precursor, reducing agents and other additional solvents.
The cost and availability of these chemicals are highly imperative
and play a significant role in performing a cost analysis for
industrially producing this novel material. The major constitu-
ent (adsorbent) of SiO,-TiO,—nZVI is zero valent iron or nZVl.
There are existing companies engaged in large-scale production
of nZVL,"™ each providing different options in terms of particle
size, specific surface area, forms, and cost. Apart from the
procurement cost of nZVl, SiO,, and TiO,, one must also con-
sider expenses related to additional laboratory and field experi-
ments, hydrogeological and geochemical studies, as well as pilot
testing in contaminated areas.''” Therefore, analysing the total
cost (see Table 6) involved in implementing a technology that
utilizes SiO,-TiO,-nZVI is a complicated process that relies on
various factors, including the type of product, order quantity,
and transportation costs. A pilot study could serve as an initial
step in gathering practical information needed for carrying out a
successful scale-up of a remediation process. In the case of nZVI,
the initial pilot trial use of nZVI was conducted in Trenton, USA,
where 2.5 kg of modified Pd/nZVI was used at a concentration of
1 g L' to purify groundwater contaminated with chloroform
among other contaminants. After 4 weeks of treatment, a 96.5%
reduction in chloroorganic contaminants was achieved.""*

®
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Fig. 17 Speciation behaviour of methylene blue dye following SiO,-TiO,—nZVI interaction under varying pH conditions: (a) pH 2, (b) pH 3, (c) pH 4, and
(d) combined variable pH conditions, with an initial concentration of Co = 10 g L™
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Table 6 Cost evaluation for stages and chemicals used in the synthesis of the nZVI-TiO,-SiO, hanocomposite
Cost Cost per
Stages of fabrication assignment Materials and energy ($$) fabrication stage
Procurement of precursors  Procurement of iron precursor, SiO, precursor Costproc $$80.5 per kg Fe(m) sulfate  $$9.36
and titania oxide nanoparticles from transport,
packaging and storage to usage
$50.4 per kg silica (SiO,)
$1.8 per gram TiO,
nanoparticles
((80.5/1000) x 8.8) +
(0.00208 + 9.36)
Pretreatment of precursors  No further treatment required. Costpre $0.0 $0.00
Chemical activation Sodium hydroxide and hydrochloric acid CoStchem ~ $0.012 $0.012
solution control
Chemical reduction of iron  Reducing agent (NaBH,). CoStcred $1.41 per gram NaBH, (1.41 x $2.66
precursor and formation of 1.89) = $2.66
nZVI-TiO,-Si0,
Nitrogen (N,) flow
Centrifugation and tube Washing, heating, nitrogen (N,) flow Costprying Energy cost + nitrogen flow  $0.21
furnace drying $0.21
Other costs Offset cost CoStogher ~ 10% of $(9.36 + 0.012 + 2.66 + $1.22
0.21)

Miscellaneous cost

Total

The successful outcomes from pilot trials increased efforts in
utilizing nZVI and its composite materials for full-scale water
and soil remediation.

For brevity, although there are no existing SiO,-TiO,-nZVI
nanocomposite plants, following the method described in
ref. 116, the economic analysis (see Table 6) indicates that
the SiO,-TiO,—-nZVI composite adsorbent might be expensive
compared to certain conventional adsorbents like clay miner-
als. Nonetheless, its exceptional ability to adsorb and be
recycled could counterbalance the higher upfront expenses,
potentially making it a feasible choice for water and wastewater
treatment purposes. Scale-up studies, via methods such as
batch adsorption studies,"” for the nZVI-SiO,-TiO, nanocom-
posite material are recommended for future research to better
capture the actual cost requirement for large-scale industrial
applications.

4 Conclusion

In conclusion, the novel SiO,-TiO,-nZVI nanocomposite was
synthesized using three different synthesis pH values (2, 3, and
4) via a combined chemical reduction method. The synergistic
effects of nZVI, SiO,, and TiO, on the novel SiO,-TiO,-nZVI
nanocomposites were unveiled through MB dye degradation
experiments. Analysis and characterization techniques includ-
ing FTIR, SEM, EDS BET, XRD, DSC and TGA corroborated the
influence of synthesis pH on the structural integrity, crystal-
linity, and interfacial interactions of the nZVI, SiO,, and TiO,
components within the novel SiO,-TiO,-nZVI nanocomposite.
These favourable physicochemical properties are more pro-
nounced on the SiO,-TiO,-nZVI nanocomposite synthesized
under pH 2 conditions. The enhanced catalytic activity due to
the synergistic effect observed in the dye degradation

9308 | Mater. Adv,, 2024, 5, 9292-9313

$13.46

experiments enabled up to 100% methylene blue dye removal
with reusability performance greater that 90%. The sorption
mechanism and MB dye speciation tests show the synergistic
adsorption and reduction ability of SiO,-TiO,-nZVI and a
significant influence of pH on the mineralisation and for-
mation of undissociated MB species. The synthesized SiO,-
TiO,-nZVI nanocomposites recorded 100% presence of MB'
species in MB solution above pH 6.0. These findings highlight
the crucial role of pH in governing the synthesis, thermal
stability, interfacial interactions, and catalytic activity of the
Si0,-TiO,-nZVI nanocomposite, accentuating the importance
of optimizing the synthesis conditions of emerging sorbents for
efficient environmental remediation applications.
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