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Abstract

This study presents a novel single-step method for producing sodium silicate
and high-purity hydrogen from rice husk biomass with reduced CO, emission
using alkaline thermal treatment (ATT). Conventional methods extract amor-
phous silica from rice husk through an energy-intensive, CO,-emitting process,
followed by a separate reaction with sodium carbonate to synthesize sodium sili-
cate. In contrast, the proposed method eliminates this additional step by directly
generating sodium silicate while simultaneously producing hydrogen, ensur-
ing a reduced carbon-emission process. ATT enables interconnected reactions,
including in-situ CO, capture, enabling decarbonized hydrogen production as
an energy carrier and sodium silicate for high-value applications. The use of
NaOH promotes hydrogen generation at lower temperatures while capturing
CO, as solid carbonates, distinguishing this process from conventional gasifica-
tion. Additionally, sodium carbonates formed in situ react with SiO, in rice husk
ash, enabling direct sodium silicate synthesis. Experimental results demonstrate
that ATT at 950°C, with a rice husk-to-NaOH ratio of 1:3 and 1.9 g of SiO,, yields
up to 5.1 g of sodium silicate and 51 mmol of hydrogen per gram of rice husk, with
reduced CO, emission. Optimizing reaction conditions through elemental analy-
sis enhances hydrogen yield and improves sodium silicate synthesis, highlighting
the sustainability of this approach.
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1 | INTRODUCTION

Amorphous silica with controlled size and high purity
plays a crucial role in various industries, including eco-
friendly tire manufacturing, coatings, paints, cosmet-
ics, catalysts, and pharmaceuticals.l*2 However, naturally
occurring amorphous silica is limited, necessitating syn-
thetic production methods.? The conventional acid precip-
itation process synthesizes silica by first producing sodium
silicate from quartz or rice husk ash, followed by acid
precipitation.* Using rice husk biomass waste as a silica
source offers multiple benefits, such as utilizing agricul-
tural waste and generating high-purity amorphous silica.
However, traditional extraction methods pose significant
environmental concerns, including high carbon emissions
and challenges in managing unburned carbon residues.

Beyond material synthesis, the need for low-carbon
and carbon-neutral energy solutions has become increas-
ingly urgent in mitigating climate change. Hydrogen is
widely regarded as a clean and efficient energy carrier that
can replace fossil fuels while reducing CO, emissions.’
Unlike conventional fossil-based energy sources, hydrogen
enables efficient energy storage and can be produced sus-
tainably, making it a promising solution to the intermittent
issues associated with renewable energy sources like wind
and solar power.

Current hydrogen production technologies, such as
water electrolysis and methane reforming, have distinct
advantages and limitations.® Water electrolysis gener-
ates hydrogen without emitting greenhouse gases, but
remains economically constrained due to high energy
consumption.” Conversely, methane reforming is more
cost-effective but depends on fossil fuels, making carbon
neutrality difficult to achieve.® Biomass-based hydrogen
production has emerged as an attractive alternative, as
biomass absorbs CO, during its growth, contributing to
a more sustainable energy cycle.” However, conventional
biomass gasification still generates greenhouse gases, lim-
iting its overall environmental benefits.® Therefore, devel-
oping an approach that enables hydrogen production with
minimal CO, emissions while simultaneously generating
valuable byproducts is of significant interest.

This study explores alkaline thermal treatment (ATT)
as a novel method for hydrogen production, offering a
highly efficient process that significantly suppresses CO,
emissions while generating high-purity hydrogen. Beyond
achieving carbon neutrality, ATT has the potential for
carbon negativity by integrating bioenergy with carbon
capture and storage. A key advantage of this approach is
its ability to convert rice husk waste directly into hydrogen
and sodium silicate in a single-step reaction, eliminating
the need for a separate processing stage.

Rice husk, an abundant agricultural byproduct in rice-
producing regions, consists primarily of organic carbon
and silica, making it a promising feedstock for this con-
version process.* While rice husk has traditionally been
considered a biomass energy source, its high ash content
(comprising approximately 50% cellulose, 25%-30% lignin,
15%-20% silica, and 10%-15% moisture) presents challenges
for direct combustion or co-firing applications. With a
calorific value nearly half that of coal, rice husks are a rel-
atively inefficient fuel source.'” However, well-combusted
rice husk ash has found applications in construction mate-
rials, such as concrete reinforcement, and in advanced
technologies, such as lithium-ion battery anodes,!! where
its silica content is transformed into silicon. Despite these
applications, broader utilization strategies remain limited.

This study proposes an innovative ATT process that
simultaneously converts rice husk waste into high-purity
bio-hydrogen and sodium silicate in a single reaction step,
without CO, emissions. In this process, Na,CO; formed in
situ directly reacts with rice husk ash (SiO,) to produce
sodium silicate, eliminating the need for an additional
reaction. This breakthrough not only enhances the sus-
tainability of hydrogen production but also expands the
potential applications of rice husk biomass waste, con-
tributing to both clean energy generation and advanced
material synthesis. To validate the feasibility of ATT, this
study systematically examines its efficiency in hydrogen
and sodium silicate production, explores the underlying
reaction mechanisms, and optimizes process conditions.
The findings offer a sustainable alternative for biomass
utilization, paving the way for carbon-neutral energy and
material synthesis.

2 | EXPERIMENTAL

2.1 | Materials

Rice husk, the outer protective layer of rice grains, is
a byproduct of rice milling and consists primarily of
cellulose, hemicellulose, lignin, and silica, which con-
tribute to its structural integrity. Cellulose provides
mechanical strength as a key component of plant cell
walls, while hemicellulose reinforces the fibrous net-
work. Lignin, a complex aromatic polymer, enhances
rigidity and improves biodegradation resistance. The rice
husk was obtained from a local farm in Boeun County,
Chungcheongbuk-do, South Korea. Sodium hydroxide
(NaOH) was procured from Daejung Chemicals & Metals
with >98% purity and used without further purification.
Silicon dioxide (SiO,) powder, with a purity of >99% and
particle sizes ranging from 50 to 70 mesh, was procured
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from Sigma-Aldrich and utilized without any further
purification.

2.2 | Reaction procedure

Experiments were conducted using a horizontal reactor
consisting of a quartz tube (2.2 cm internal diameter, 2.5
cm outer diameter, and 100 cm length) placed inside a fur-
nace (Figure S1). A thermocouple was inserted into the
quartz tube to monitor the reaction temperature. Rice husk
and alkali materials were placed in an alumina boat (3 mL
capacity) positioned at the center of the furnace. NaOH
served as the alkali catalyst, while nitrogen (N,) was intro-
duced as the carrier gas at a flow rate of 50 mL min~1,
controlled by a mass flow controller. Gas products were
collected in a Tedlar bag for analysis.

Real-time gas analysis was performed using an Agi-
lent 490 Micro gas chromatograph (GC) equipped with
Molsieve 5A and PoraPLOT Q columns. A control exper-
iment was conducted for steam gasification, using only
the reactants without NaOH. The furnace temperature was
gradually increased from ambient temperature to the tar-
get temperature at a rate of 4°C/min. Preheated water
vapor was introduced at a rate of 0.023 mL/min to sustain
the ATT reaction, and gas composition was continuously
monitored using GC.

2.3 | Analysis

Gas composition was determined in real-time using an
Agilent 490 Micro GC. The RT-Molsieve 5A column was
used to separate and quantify H,, N,, CHy, and CO, while
the PoraPLOT Q (RT-Qbond) column analyzed CO,, C,Hy,
C,Hg, C,H,, and C3Hg. Gas samples were directly injected
into the micro-GC, with N, used as an internal standard.
The measured gas compositions were normalized to molar
units to ensure accuracy and reproducibility. The carbon
content of the biomass was distributed among gaseous car-
bonaceous compounds (CH,4, CO, and CO,), liquid-phase
tar components (C?>*), and solid residues.

Elemental composition analysis of the dried samples (C,
H, O, and N) was conducted using a Thermo Flash 2000
Elemental Analyzer. Samples were oxidized at approxi-
mately 1800°C, converting the elements into their respec-
tive gaseous oxides. These gases were processed through a
reduction stage to remove excess oxygen, then separated
by GC and detected using a thermal conductivity detec-
tor. The resulting elemental analysis (EA) data provided
precise quantification of the elemental composition, facil-
itating stoichiometric calculations for the ATT reaction.

X-ray diffraction (XRD) analysis was performed using
a Rigaku Miniflex 600 X-ray generator to investigate the
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crystalline structure and phase composition of the reaction
products. The prepared sample was placed in the sam-
ple holder for optimal measurement conditions. X-rays
were directed onto the sample, and the resulting diffrac-
tion patterns were recorded for phase identification. Data
were collected over a specified 20 range, with an optimized
step size and scan rate to enhance resolution. Diffrac-
tion patterns were compared with reference standards, and
quantitative phase analysis was performed using the ref-
erence intensity ratio method to determine the relative
proportions of crystalline phases. XRD analysis was essen-
tial for characterizing reaction products formed during
the ATT process, particularly sodium silicate and other
crystalline phases.

Inductively coupled plasma optical emission spec-
troscopy (ICP-OES) was conducted using a ThermoFisher
iCAP Pro ICP-OES to determine elemental composi-
tion with high precision. Solid samples were digested in
hydrochloric acid, nitric acid, or a combination thereof
to ensure complete dissolution. The resulting solution
was diluted to maintain analyte concentrations within
the instrument’s calibration range. Calibration standards
were prepared in a matrix comparable to the sample
to ensure analytical accuracy. The digested solution was
introduced into plasma via a nebulizer and spray cham-
ber system, where it was atomized and ionized under
high-temperature plasma conditions. Emission spectra
were recorded, and elemental concentrations were quan-
tified by comparing measured intensities with calibration
standards. ICP-OES provided precise quantification of
Si and Na concentrations, offering key insights into the
compositional characteristics of the reaction products.

3 | RESULTS AND DISCUSSION

3.1 |
ATT

H, production from rice husk via

Hydrogen production from rice husks was investigated
using ATT to achieve CO,-free hydrogen generation, in
contrast to conventional gasification methods. Previous
studies on biomass-ATT reactions suggest the follow-
ing mechanism (Equation (1)),'>!* where hydrogen from
biomass is extracted as pure H,, while carbon and oxygen
are captured by sodium to form Na,CO;, preventing CO,
emissions:

C.H,0, + (2x)NaOH + (x — 2)H,0

- (2x +y/2 — z)H, + xNa,CO; (1)

Based on the elemental composition of rice husk, a
specific reaction mechanism is proposed:

85UB017 SUOWWOD BAIER1D 3|qedtjdde ay) Aq peusencb a1e sejolle VO ‘88N JO S9INJ 10} ARIqiT 8UIUQ AB]IM UO (SUONIPUOD-PUR-SLUIB)LI0D"AB| 1M ARIq 1 U1 |UO//SdIY) SUOTIPUOD PUe SWLB | 8L 88S *[9202/T0/ET] Uo ARiqiTauliuo AB1im ‘Ariqi ASBAIUN SUEWOM eym3 AQ 9T0Z 89 [/TTTT 0T/I0p/L00 A3 1M ARIq U1 |UO'SOILLR.0//:SdNY WO} pepeo|umoq ‘T ‘9202 ‘9T6ZTSST



wrs | journal

PARK ET AL.

merican Ceramic Society

( A) 80
-, [ cH,
70 [l co [ co,
I CH,/CH I CH,
EmcH, EECH,

N w N S @
o o o o o
1 ! 1 1 1

Gas production (mmol/g, . )
5

P I I

SG ATT 1:1 ATT 1:2 ATT 1:3

FIGURE 1 (A)Hydrogen production via alkaline thermal treatment (ATT) at different rice husk-to-NaOH mass ratios (SG: no NaOH,
1:1, 1:2, and 1:3). (B) Inorganic product composition from ATT at a 1:3 rice husk-to-NaOH ratio. Reactions were conducted at 230°C, where

NaOH and SiO, interaction typically occurs (85-200°C).

C3.18H5670,.44 + 6.36NaOH + 0.74H,0 @)
— 6.76H, + 3.18Na,CO; (200-700°C)

The theoretical optimum molar ratio of rice husk to
NaOH is 1:6.36, corresponding to a weight ratio of approxi-
mately 1:3.07. To optimize hydrogen production, ATT reac-
tions were conducted using various rice husk-to-NaOH
weight ratios, including the optimal 1:3 ratio.

Rice husk also contains amorphous SiO,, which com-
prises 10.3 wt% of its total composition, as determined
by EA (Table S1). SiO, can react with both NaOH
(introduced as a reactant) and Na,CO; (a byproduct
of ATT), forming sodium silicate through the following
reactions:

2xNaOH + SiO, — (Na,0), SiO, (mostly Na,SiO5)

+xH,0 (200°C) )

XN32CO3 + SIOZ - (NaZO)xSiOZ + xC02 (SSOOC) (4)

According to Equations (2)—(4), NaOH can either react
with rice husk to generate H, and Na,COj; (Equation (2))
or interact with SiO, to form sodium silicate (Equation
(3)) at temperatures below 700°C."*'> If NaOH prefer-
entially reacts with SiO,, hydrogen generation from rice
husk will be limited, as NaOH—an essential reactant
in ATT—will be consumed in the SiO, reaction. This
would also suppress Na, CO; formation, thereby hindering
the primary sodium silicate production pathway (Equa-
tion (4)).!° Additionally, in the absence of NaOH, rice
husk undergoes conventional gasification, resulting in
CO, emissions, which contradicts the study’s objective of
achieving carbon-free hydrogen production. To determine
whether Equations (2) or (3) dominate at temperatures
around 200°C, ATT reactions were performed at 230°C,
and the results are presented in Figure 1.

Figure 1A confirms that the ATT reaction generates
highly pure H ,(> 97%), while Figure 1B verifies the for-
mation of sodium silicate (Na,SiOs), indicating that both

Equations (2) and (3) proceed at low temperatures. To
further support these findings, FT-IR analysis was con-
ducted (Figure S2). As shown in Figure S2A, the untreated
rice husk exhibits a characteristic SiO, peak at 1100
cm~!. After reaction under ATT conditions with a 1:3 rice
husk-to-NaOH ratio, the spectrum in Figure S2B shows
a distinct peak at 1450 cm™! corresponding to Na,COs,
along with additional peaks at 880 and 590 cm™L, attributed
to sodium silicate (Na,SiO3) formed through the reaction
of NaOH with SiO,in the rice husk. These results col-
lectively confirm that Equations (2) and (3) proceed at a
low-temperature ATT process. To determine which reac-
tion is preferred, the proportion of NaOH reacting with
SiO, versus rice husk biomass was calculated. Based on
XRD analysis, the NaOH consumption for Na,SiO; forma-
tion via SiO, reaction is estimated at 0.076 g. Given that 1.5
g of NaOH was initially added in the 1:3 ATT reaction, the
majority of NaOH (1.424 g) reacted with rice husk biomass,
confirming that Equation (2) dominates over Equation (3)
at low temperatures. Furthermore, Na,CO; formation via
ATT is unlikely to react with SiO, to form sodium sili-
cates (Equation (4)) under these conditions, as this process
typically requires high temperatures (~850°C).

Next, ATT reactions were performed at an elevated
temperature (950°C) to evaluate whether H, is produced
exclusively over CO, and to determine whether sodium
silicates form via the reaction between Na,CO; (an ATT
byproduct) and SiO, (from rice husk). Figure 2 presents
the gaseous product distribution for various rice husk-
to-NaOH ratios, using steam gasification (SG) as a refer-
ence. Unlike conventional ATT, which typically occurs at
~500°C, this reaction was conducted at an exceptionally
high temperature (950°C). This temperature was selected
because the reaction between Na,CO; and SiO,, which
yields sodium silicates, occurs above 850°C,” as shown in
Equation (4).

In SG, both H, and CO, are produced in substantial
amounts, along with small quantities of CH, and CO.
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FIGURE 2 Rice husk-alkaline thermal treatment (ATT)

reaction results at different rice husk-to-NaOH weight ratios (steam
gasification [SG]: no NaOH, 1:1, 1:2, and 1:3). The reaction
temperature was increased from room temperature to 950°C to
facilitate the reaction between Na,CO; (ATT product) and SiO,,
which occurs above 850°C (Equation (4)).

However, when NaOH is introduced (ATT reaction), H, is
generated almost exclusively, while CH,4, CO,, and CO are
detected only in minor amounts. At 950°C, a maximum
H, yield of 50.96 mmol/g-rice husk was achieved using a
1:3 rice husk-to-NaOH ratio. Previous studies on ATT reac-
tions with other biomass sources (e.g., wheat straw, grass,
and seaweed) have shown that alkali materials enhance
H, selectivity compared to SG.'*!” However, in contrast to
these findings, SG of rice husk also produced a significant
amount of H,. To explore this deviation, gas production
trends were analysed as a function of temperature, as
shown in Figure 3.

Figure 3 presents the gas formation rates for different
rice husk-to-NaOH ratios as a function of temperature.
In the reference SG experiment, no H, was produced at
low temperatures. However, at temperatures exceeding
500°C, H,, CO,, and a small amount of carbon monox-
ide (CO) were generated, consistent with conventional
high-temperature SG reactions. In contrast, when the ATT
reaction was conducted, increasing the NaOH content sig-
nificantly altered the gas production profile. At high tem-
peratures (above 500°C), H, formation from SG decreased
substantially, while H, generation at lower temperatures
(~300°C) increased significantly. Additionally, CO, emis-
sions were markedly reduced. In the 1:1 ATT reaction,
hydrogen production occurred in two distinct temperature
ranges—one at lower temperatures (~300°C) and another
at higher temperatures (~700°C)—accompanied by small
amounts of methane (CH,), CO, and CO,. As the rice husk-
to-NaOH ratio increased from 1:1 to 1:3, two key trends
emerged:

it American Ceramic Society

1. H, production at lower temperatures was further
enhanced.

2. CO, formation at very high temperatures (above 850°C)
also increased.

The observed enhancement in low-temperature H, pro-
duction aligns with findings from previous ATT studies,*’
which demonstrated that NaOH promotes H, release from
biomass at lower temperatures while simultaneously cap-
turing CO, as carbonates. The increasing H, yield at
lower temperatures with higher NaOH concentrations
(1:2 and 1:3) can thus be attributed to the ATT effect,
where the ATT reaction (Equation (1)) becomes domi-
nant over SG, mirroring behavior seen in other biomass
systems.

While the ATT reaction exhibits high selectivity for H,
production, small amounts of CH, indicate that a fraction
of the rice husk undergoes thermal decomposition at ele-
vated temperatures. Additionally, CO, emissions observed
at very high temperatures in rice husk-ATT originate from
Na,CO; rather than from the rice husk itself.?! In the
ATT process, CO, released from biomass is captured by
Na to form Na,COs,'® preventing direct atmospheric emis-
sions. This is evident in Figures 3C and 3D, which show
no CO, formation below 700°C. However, at higher tem-
peratures, Na,CO; can react with SiO, to form sodium
silicates, releasing CO, in the process (Equation (4)). This
explains the increased CO, emissions at high NaOH con-
centrations, where the ATT reaction dominates over SG
and leads to Na,CO; accumulation.'” These results sug-
gest that the key reactions governing rice husk-ATT are
represented by Equations (2) and (4). Compared to SG,
ATT offers clear advantages, including higher H, yields at
lower temperatures and significantly lower CO, emissions,
reinforcing its potential as a cleaner hydrogen production
method.

The theoretical maximum hydrogen yield from 1 g of rice
husk is 82.1 mmol based on the proposed ATT reaction stoi-
chiometry. Experimentally, ~50 mmol of H, was produced
(~60.9% yield), along with ~9 mmol of CH,, indicating
carbon diversion from the ATT pathway. If this carbon
had undergone the ATT reaction, an additional 19.2 mmol
of H, could have been generated, raising the potential
yield to 69.2 mmol (84.3%). These results highlight that
methane formation suppresses hydrogen production, and
improving ATT selectivity is crucial to maximizing H,
yield. To further investigate carbon distribution, carbon
analysis of the rice husk after reaction under ATT at
950°C with a 1:3 rice husk-to-NaOH ratio was conducted.
As shown in Figure S3, 72.14% of the initial carbon was
converted to inorganic carbon (mainly Na,CO3), 22.2% to
gaseous carbon (e.g., CH,), and 5.66% remained as resid-
ual organic carbon. This result is in good agreement with
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the trends observed in Figure 2 and further emphasizes
that suppressing CH,formation and enhancing solid—solid
contact between NaOH and the silica-rich biomass are
key strategies for improving the efficiency of the ATT
reaction.

3.2 | Sodium silicate formation in rice
husk-ATT

This study demonstrates the simultaneous production
of sodium silicate and hydrogen during the ATT pro-
cess. In this reaction, silica derived from rice husk
reacts with sodium carbonate, forming sodium sili-
cates with varying Na,O-to-SiO, ratios,'* which have
high-value applications. Rice husk contains approxi-
mately 10.3 wt% amorphous silica, which interacts with
Na,CO;—a byproduct of ATT—to produce sodium
silicate.'® During ATT, NaOH first reacts with CO,
released from rice husks to generate Na,CO;. The sub-
sequent reaction between Na,CO; and SiO, leads to
the formation of sodium silicates, as represented by
Equation (4).

The specific type of sodium silicate formed depends on
the Na,O-to-SiO, ratio, resulting in compounds such as
Na,SiO; (Na,0:Si0, = 1:1), Na,Si, 05 (1:2), and Na,Si; O,
(1:3). Figure 4 presents the composition of inorganic prod-
ucts obtained from rice husk-ATT at 950°C under two

Gas formation from rice husk at different alkaline thermal treatment (ATT) ratios as a function of temperature: (A) steam

conditions: (a) when only rice husk and NaOH are used
as reactants and (b) when an additional 1.9 g of SiO,
is introduced at a rice husk-to-NaOH ratio of 1:3. In
Figure 4A, the primary products are ~85.2% Na,CO; and
~10% sodium silicates, with a minor amount of unreacted
SiO,. This confirms that sodium silicates are generated
alongside hydrogen (as discussed earlier). Additionally,
the substantial presence of Na,CO; indicates that excess
SiO, is required to drive its complete conversion into
sodium silicates. To verify this, an additional 1.9 g of
SiO, was introduced, and the ATT reaction was repeated
at 950°C.

As shown in Figure 4B, when extra SiO, was added, the
final product contained almost no Na,CO;, with ~81.3%
sodium silicates and ~18.7% unreacted SiO,. This con-
firms that most of the Na,CO; reacted with SiO, to form
sodium silicates. The average Na,O-to-SiO, ratio in the
produced sodium silicates was approximately 1:2, as fur-
ther validated by ICP-OES analysis (Na:Si molar ratio ~1)
in Table S2. These findings demonstrate the successful syn-
thesis of sodium silicate mixtures through the reaction
of Na,CO; with SiO,. However, about one-third of the
additional SiO, remained unreacted, likely due to mixing
limitations between solid reactants or insufficient reaction
temperature.

To further investigate the role of excess SiO, in rice
husk-ATT, we examined its influence on the reaction
mechanism. As previously confirmed (Figure 2), SiO, can
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FIGURE 4 Composition of inorganic products from rice husk-alkaline thermal treatment (ATT) at 950°C with a rice husk-to-NaOH
ratio of 1:3. (A) Without additional SiO,. (B) With 1.9 g of additional SiO,.
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FIGURE 5

react with NaOH at lower temperatures (~200°C) to form
Na,CO3, though this occurs to a limited extent. However,
when a large amount of SiO, is introduced—such as the
1.9 g addition—it raises the possibility that this reaction
(Equation (3)) could become more dominant than the pri-
mary ATT reaction (Equation (2)). To assess the preferred
reaction pathway under these conditions, we conducted
ATT experiments with excess SiO, and analyzed H, and
CO, production (Figure 5).

The results in Figure 5 indicate that hydrogen pro-
duction remained unchanged despite the addition of
SiO,, while CO, emissions increased. In the rice husk
only sample, heating to 900°C led to the evolution of
a small amount of CO,, which can be attributed to the
partial thermal decomposition of Na,CO;. Nevertheless,
the majority of Na,CO; remained thermally stable at
this temperature and reacted with added SiO, to form
sodium silicates. This suggests that the additional SiO,
promotes sodium silicate formation while concurrently
releasing CO,, consistent with Equation (4). Based on this
observation, we conclude that Equations (2) and (4) are
the dominant reaction pathways governing rice husk-ATT,
as initially proposed in the introduction.
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Effect of additional SiO, on hydrogen and CO, formation in rice husk-alkaline thermal treatment (ATT).

4 | CONCLUSION

This study introduces a novel hydrogen-sodium silicate
co-production process that simultaneously addresses two
critical challenges: sustainable hydrogen generation and
high-value material synthesis. By integrating these reac-
tions into a single-step, reduced carbon emission process,
this approach eliminates the need for conventional multi-
step methods, enhancing both environmental sustainabil-
ity and economic viability. Utilizing agricultural waste as a
feedstock, this method offers a practical and scalable path-
way for producing clean hydrogen while repurposing rice
husk-derived silica into valuable sodium silicates. Given
the increasing demand for renewable hydrogen energy and
eco-friendly silica-based materials, the proposed ATT pro-
cess presents a promising, industrially adaptable solution
for sustainable energy and material production. Although
nitrogen was employed as a carrier gas for gas analysis
in this study, industrial implementation can benefit from
using only steam—the actual reactant—as the transport
medium. This not only simplifies the system by eliminat-
ing the need for external carrier gases but also enhances
overall process efficiency and integration.
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