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ABSTRACT

In this work, Fe and Ni supported on extracted Glucomannan (Glu) from Orchis
Mascula roots were prepared. N,N’-Methylenebisacrylamide as a cross-linker and
methacrylic acid as a monomer were used to convert soluble extract to insoluble
glucomannan. Synthesized catalysts were characterized by XRD, XPS, FE-SEM, EDS,
and TEM techniques. Significant TEM shows polymer chains formed as a circular
structure including metal/metal boride species. Indeed, iron particles are entrapped
in the cavities of glucomannan polymer as a core-shell structure. Average size of the
entrapped Fe is 11 nm while Ni particle is 256 nm. The efficacy of the synthesized
Email: catalysts is evaluated for hydrogen production. Kinetic investigations were conducted
mhmdloghmani@guilan.ac.ir to ascertain the partial order concerning catalyst dosage and NaBH, concentration.
Results cleared that totally order of hydrolysis reaction is approximately near to 1
and 1.5 for Fe/Glu and Ni/Glu, respectively. The activation energy values of Fe/Glu
and Ni/Glu catalysts were estimated at 28 and 63 kiJ/mol, respectively. AH* and AS*
values of Fe/Glu and Ni/Glu catalysts were calculated at 35.75 kJ/mol and -170.6 J/
molK and 74.41 kJ/mol and -63.8 J/molK, respectively.
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1. Introduction hydrogen production sources through hydrolysis

Hydrogen is the most abundant element on
Earth, though it is rarely found in its pure form.
This means that for hydrogen production, it
must be extracted from compounds. Hydrogen
can be generated from diverse local resources,
including fossil fuels, water electrolysis, and
biomass. The environmental impact and energy
efficiency of hydrogen production depend on
the method used. Although hydrogen extraction
from its sources requires energy, hydrogen gas
has significant potential as a clean energy source.
When hydrogen gas is burned with oxygen, only
water is produced. Thus, hydrogen is considered a
preferable energy source compared to others due
to its minimal pollutant emissions. Metal hydrides,
which serve as hydrogen storage materials, have
high volumetric hydrogen capacity and can act as

or methanolysis reactions. Several boron hydrides,
such as NH,BH, [1], LiAlH, [2], KBH, [3],
and NaBH, [4], have been used for hydrogen
generation via these reactions. NaBH, has received
considerable attention from scientists due to its
high theoretical gravimetric hydrogen capacity
(10.8%). However, under ambient conditions,
the overall conversion efficiency of NaBH, self-
hydrolysis reaction is only 7-8% [5], necessitating
the use of catalysts. Nanoscale transition metals
are promising alternatives to noble metals. Hani
Nasser Abdelhamid compiled a comprehensive list
of catalysts and reaction conditions [6]. Notable
catalysts include Co-B [7], Ni-W-P/y-ALO, [8],
Ni-B [9], Ni [10], Ni-Ag [11], Ni-Co-B [12], Ni-
Fe-B [13], Ni-B-silica [14], Co-Ni [15], Co-Mo
[16], Fe-Fe,(MoO,), [17], hierarchical porous
ZIE-8 [18], Co-W-P [19], Co-B hollow spheres
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[20], Co-Mn-B [21], Co-Ce-B [22], CoWB/
NF nanodendrite [23], Co-Ni-P [24], Ni-Ni,B
[25], Fe,0,@C-Co [26], Fe,O, [27], Cu-Fe-B
[28], Co-Fe-B [29], Fe-B-P [30], Co-Ni-Fe-P
[31] and Co-Mo-tudies, various materials have
been employed as supports, including Mo-B [32]
which play effective roles in hydrogen generation.
However, excessive nanoparticle agglomeration
reduces surface energy and stabilizes particles
through relaxation. Thus, supports should be
used to stabilize particles. Indeed, the number
of active sites on the catalyst surface increases,
which prevents agglomeration. As evidenced by
published studies, various materials have been
employed as supports, including MWCNTSs/IL/
Mn nanohybrids [33], ionic liquids [34], magnetic
activated carbon [35], magnetite-MWCNTs [36],
PVDF [37], p(SPM) hydrogel matrix [38], wheat
straw cellulose [39], p(ethylene imine) [40], Na-
exchanged bentonite clays [41], dandelion-like
CNTs-Ni foam composites [42], zeolite-HCI [43],
Mod-p(AAm) [44], PAN nanofibers [45], open-
CNTs [46], porous SiO, [47], ZIF-9 [48], Co@
ZIF-8 [49], carbon composites [50,51], p(vinyl
imidazole) [52,53], and p(HEMA) cryogels [54].
Glucomannan is a water-soluble polysaccharide
and fermentable nutritive fiber composed of B-D-
mannose and a-D-glucose units linked by -1,4
glycosidic bonds. It offers several advantages, such
as low cost, non-toxicity, biocompatibility, natural
abundance, and gelling properties [55]. To utilize
glucomannan as a natural polymer network for
immobilizing metal catalysts, it must be chemically
modified using a crosslinker. During crosslinking,
a three-dimensional (3D) polymer network forms,
rendering glucomannan insoluble. Glucomannan
can be extracted from Salep (Orchis mascula)
roots, a process pioneered by Ali Pourjavadi, who
developed superabsorbent hydrogels from Salep
[56]. To the best of our knowledge, no studies
have reported the use of glucomannan (derived
from Orchis mascula)-supported Ni/Fe catalysts
for hydrogen generation via NaBH, hydrolysis.
Our group has extensive expertise in hydrogen
generation reactions, as demonstrated in prior
publications [26,57-62], including recent work
on Co-glucomannan nanoparticles [63]. In this
study, we aim to employ a natural polymer—
easily extracted from plants—as a support to
stabilize Fe/Ni nanostructures for catalytic
applications. Remarkably, the polymer chains
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encapsulate the iron particles, forming a core-
shell morphology. Specifically, Fe and Fe-boride
species are entrapped within glucomannan cavities
during synthesis. The synthesis process involves
two key steps: (i) extraction of glucomannan
from Orchis mascula roots and (ii) dispersion
and stabilization of Fe/Ni nanoparticles on the
biopolymer matrix during catalyst preparation. We
propose Fe(Ni)-glucomannan as a heterogeneous
catalyst for NaBH, hydrolysis. To immobilize Fe/
Ni nanoparticles on the glucomannan matrix,
N,N’-methylenebisacrylamide (MBA) was used
as a crosslinker, and methacrylic acid (MAA) as
a monomer, to convert the soluble extract into
an insoluble polymer network. The synthesized
catalysts were characterized by XRD, XPS, SEM,
and TEM. Their activity in hydrogen production
via NaBH, hydrolysis was evaluated, and kinetic
studies were conducted to determine the reaction
order and rate law. Key parameters—initial NaBH,
concentration, catalyst dosage, and temperature—
were systematically analyzed. The activation energy
for each catalyst was calculated using the Arrhenius
equation (see Results section).

2. Experimental

2.1. Materials and method

All chemical materials were used without any
purification. The orchid root was purchased
from a traditional herbal shop in Kurdistan
province, Iran. Methacrylic acid (MAA), N, N’-
Methylenebisacrylamide ~ (MBA), FeCl,.6H,0,
NiCl,.6H,O, potassium persulfate (KPS), ethanol,
acetone and NaBH, were obtained from Merck.

2.2. Glucomannan extraction and Catalysts
synthesis

Glucomannan polymer was isolated from dried
orchid roots (purchased from a local market)
using a two-step extraction process, as previously
reported [63]. Initially, a measured quantity of roots
was heated in deionized water at 60 °C, followed by
removal, peeling, and a two-step drying process (2
hours at 60 °C and 15 minutes at 140 °C). The dried
roots were then ground into a powder and reheated
in deionized water at 40 °C for 1 hour. Subsequently,
an equal volume of ethanol was added to precipitate
glucomannan, forming a gel. The gel was filtered,
washed sequentially with deionized water and
acetone, and air-dried at ambient temperature.
For catalyst synthesis (Scheme 1), a homogeneous
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Scheme 1. Synthesis procedure of cross-linked Glucomannan-nano catalyst

solution was first prepared by dissolving 1 g of
glucomannan in 100 mL deionized water at 45
°C for 20 minutes. FeCl;-6H,O or NiCl,-6H,O (1
mmol in 3 mL H,O) was added to the solution,
followed by sequential addition of MBA (0.2
mmol, 0.036 g in 3 mL H,0) and MAA (1 mmol,
80 pL in 3 mL H,O). After thorough mixing,
potassium persulfate (KPS, 1 mmol, 0.270 g in 3
mL H,0) was introduced. The temperature was
then raised to 80 °C to activate KPS, and after 30
minutes, a NaBH, solution (5 mmol, 189 mg in
3 mL H,0) was added dropwise to complete the
synthesis.

Upon addition of the sodium borohydride
(NaBH,) solution, the solution’s color shifted from
green to black, indicating successful reduction of
metal ions. After complete reduction, the reaction
mixture was precipitated by ethanol addition. The
precipitate was then washed sequentially with
acetone and deionized water and vacuum-dried

Colloid Nanosci. J. 3(1 ) (2025) 499-518

overnight at room temperature. The synthesized
nanocatalysts were stored in an airtight container
for subsequent hydrogen generation experiments.

2.3. Catalysts characterization

The phase of catalysts was recognized by XPert
PRO MPD, PAnalytical Company. XRD pattern
was recorded using Cu Ka radiation in the 26 range
of 30-60. The surface morphology of powders
was seen by the field emission scanning electron
microscope (FE-SEM-MIRA III TESCAN).
Sputter coating for preparation of sample through
SEM analysis was done by metallic Au. Also,
the shape of the best catalyst was examined on
transmission electron microscopy (TEM-EM
208S).

2.4. Hydrogen generation

The catalytic activity of the synthesized powder
was evaluated via the hydrolysis reaction of
sodium borohydride (NaBH,). Hydrogen gas

501


DBF_J_Name
DBF_Volume
DBF_Issue
DBF_PubYear
DBF_runningTitle
DBF_DocType

(Ol§=GEIW-Ngad[SM Jalali Rad M. and Loghmani M. H.

Scheme 2. Setup of hydrogen generation and measuring

evolution was monitored using a custom-designed
gasometric setup (Scheme 2), where an inverted
graduated cylinder filled with water quantified
the liberated H, volume. In a typical experiment,
a measured amount of catalyst was loaded into
a two-neck round-bottom flask, followed by
the addition of an alkaline NaBH, solution (2
wt.% NaOH) under controlled temperature.
Both necks were securely sealed, and H, gas
evolution commenced immediately upon NaBH,
introduction. The displaced water volume in the
cylinder, recorded at fixed time intervals, directly
correlated with the H, yield. Notably, the self-
mixing effect induced by H, bubble formation
eliminated the need for mechanical stirring. To
investigate reaction kinetics, key parameters were
systematically varied: initial NaBH, concentration
(1.25-20 wt.%), catalyst dosage (25-125 mg), and
temperature (308, 318, and 328 K).

(o)
(=]
(\S)

3. Results and discussion

3.1. Characterization

Fig. 1 shows the XRD pattern of glucomannan-
supported  nanocatalysts. For  comparison,
reference patterns for Fe,O,, Fe,O,, and metallic Fe
are included in Fig. 1(a). The experimental pattern
exhibits multiple peaks, some of which align with
JCPDS cards (see Fig. 1(b)). However, precise
phase identification remains challenging due to
potential overlaps. Given the use of NaBH, in the
synthesis (as detailed in the Experimental section),
the presence of both metallic Fe and iron borides
(e.g., Fe,B, FeB) is anticipated. Peaks at 20 = 35°,
41°, and 45° are tentatively assigned to Fe,B (200),
FeB (111), and a-Fe (110), respectively [64-67]. Fig.
1(c) displays the XRD pattern of Ni/Glu catalyst.
No peaks corresponding to nickel oxide phases are
observed, which aligns with the expected reduction
of Ni** jions by NaBH, to form metallic Ni (0) and
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Fig. 1. XRD patterns of (a) Fe/Glu,

nickel borides. Peaks at 20 = 38.71°, 44.55°, 51.82°,
and 56.06° are attributed to NisB, Ni (111), Ni
(200), and Ni,Bs, respectively [

XPS analyses confirmed the presence of Fe, Ni,
and B on the catalyst surface, consistent with the
synthesis protocol. Fig. 2 displays high-resolution
Fe 2p, Ni 2p, and B 1s spectra. The Fe 2p spectrum
(Fig. 2a) exhibits three prominent peaks at 706.1
eV, 711.5 eV, and 724.3 eV, assigned to Fe® 2ps/s,
Fe** 2ps/,, and Fe** 2pi/,, respectively [69, 70].

Colloid Nanosci. J. 3(1 ) (2025) 499-518

50
2 theta (deg)
(b) JCPDS cards and (c) Ni/Glu catalyst

The absence of Fe®* species, which typically
appear near 715 eV for Fe** 2ps/,, confirms the
reductive synthesis conditions favoring partial
reduction of Fe precursors to metallic Fe®. Satellite
peaks at 718.8 eV and 734 eV, characteristic of
Fe?*, further validate this assignment and exclude
significant contributions from Fe*". The observed
Fe?* oxidation state likely originates from surface
oxidation during post-synthesis air exposure. The
Ni 2p spectrum (Fig. 2b) reveals two dominant
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peaks at 852.5 eV (Ni® 2ps/,) and 870.1 eV (Ni°
2pi1/2), confirming metallic nickel. Minor peaks
at 858.1 eV (Ni** 2ps/,) and 875 eV (Ni**2p./,)
suggest superficial oxidation of Ni® during sample
handling. The coexistence of Ni® and Ni** aligns
with prior studies reporting surface oxidation of
Ni-based catalysts exposed to ambient conditions
[71]. The dominance of Ni° signals indicates that
the bulk structure remains metallic, consistent
with the reducing synthesis environment. The B1s
spectrum (Fig. 3) deconvoluted into two peaks:
a lower binding energy component (188-191.8
eV) attributed to metal borides (Fe-B/Ni-B),
confirming boron incorporation into the catalyst
structure, and a higher binding energy peak

(a)

(192-192.2 eV) assigned to boron oxo-species
(B-O) formed via surface oxidation upon air
exposure [72]. The slight variation in the boride
peak positions (188 eV vs. 191.8 eV) reflects
differences in electronegativity between Fe and
Ni in their respective borides. The coexistence of
Fe** and Ni° suggests a synergistic redox-active
surface, where Fe** may act as Lewis acid sites,
while metallic Ni° facilitates electron transfer. This
interplay is critical for catalytic applications, such
as hydrogen evolution. The presence of surface-
oxidized species (Fe**, Ni**, B-O) highlights the
importance of controlled synthesis and storage
conditions to minimize undesired oxidation.
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Fig. 2. XPS spectra o (a) Fe/Glu and (b) Ni/Glu
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Fig. 5. Particle size distribution of Fe/Glu catalyst.

The dimensions and morphology of the obtained
catalyst powders were analyzed using FE-SEM and
TEM methods. The findings are illustrated in Fig. 3.
FE-SEM pictures are presented at a magnification of
200,000x. The FE-SEM pictures of Fe/Glu and Ni/
Glu demonstrate that the polymer is produced at
the nanoscale. Nonetheless, distinguishing between
polymer and metal particles is unfeasible. Owing
to the constraints of the FE-SEM microscope,
implement exact modifications and obtain crisp
images of the particles.

Fig. 4 shows TEM images of extracted Glu,
Ni/Glu and Fe/Glu powders. Cross-linked
glucomannan polymer is shown in Fig. 4. (a). No
specific morphology or specific particle is seen.
For more consideration it is tried to show two
micrographs of Fe/Glu powder. It can be found
that polymer chains formed as a circular structure
including metal/metal boride species. It is like
a core-shell matrix. As seen, iron particles are
entrapped in the cavities of glucomannan polymer.
Fig. 4. (b) depicts Ni/Glu particles are much bigger
than Fe/Glu. So, it can probably effect on catalytic
activity. The black region is attributed to the metal
particles. The particle size distribution (Fig 5.)
of the Fe/Glu catalyst, as determined from TEM
measurements, reveals a predominant population
of particles within the 10-15 nm range, accounting
for 52% of the total particles. A significant fraction
(32%) of particles falls within the 5-10 nm range,
while larger particles (15-20 nm and 20-25 nm)
constitute 8% and 4%, respectively. The mean
particle size is calculated to be 11 nm, reflecting the
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effective stabilization of nanoparticles within the
glucomannan matrix. This distribution underscores
the successful synthesis of a catalyst with a majority
of active sites in the nanoscale regime, which is
critical for enhancing surface reactivity and catalytic
performance in hydrogen generation applications.
Average size of the entrapped Ni particle is 256
nm. Iron ions are better dispersed in the polymer
matrix than nickel ions, so it is more stable. In fact,
the polymer surrounds the Fe particles better and
causes the formation of smaller particles.

Also, EDS patterns and mapping images were
prepared and shown in Fig. 6. It is cleared that
there are C, O, B, Ni and Fe elements in region
shown in image. Indeed, C and O elements belong
to polymer network. Elements B and Fe are
attributed to the added reagents to prepare catalyst
on polymer surface. As it can be seen, Fe and Ni
particles dispersed on polymer surface.

3.2. Catalytic activity of synthesized nanoparti-
cles

The hydrolysis reaction of sodium borohydride
(NaBH,) was monitored using Fe/Glu and Ni/Glu
catalysts, with hydrogen gas evolution serving as
the primary indicator of catalytic activity. Kinetic
studies were conducted to evaluate the hydrogen
generation rates by systematically varying three
parameters: catalyst dosage (25-125 mg), initial
NaBH, concentration (1.25-20 wt.%), and
reaction temperature (308-328 K). Partial reaction
orders with respect to NaBH, and catalyst dosage
were determined experimentally to establish the

Colloid Nanosci. J. 3(1 ) (2025) 499-518
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Fig. 7. The volume of hydrogen generated versus time plot and hydrogen generation rate versus the catalyst dosage (both in
logarithmic scale)-effect of catalyst dosage at constant sodium borohydride (5 wt.%), NaOH (2 wt.%) and temperature 45 °C.

rate law. Activation energy (E,) for the catalytic
hydrolysis was calculated using the Arrhenius
equation by analyzing rate constants derived from
temperature-dependent experiments. To isolate
temperature effects, reactions were performed
at a fixed NaBH concentration (5 wt.%) and
catalyst dosage (75 mg) across the specified
temperature range. For determining the reaction
order relative to NaBH, concentration, catalyst
dosage and temperature were held constant at 75
mg and 318 K, respectively, while varying NaBH,
concentrations (1.25-20 wt.%). Conversely, to
assess the dependence on catalyst dosage, NaBH,
concentration and temperature were fixed at
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5 wt.% and 318 K, respectively, with catalyst
amounts varied between 25-125 mg. Partial orders
were derived from logarithmic plots of reaction
rate versus NaBH, concentration or catalyst
dosage, where the slopes of linear fits provided
the respective reaction orders. To minimize
confounding variables, NaOH concentration was
maintained at 2 wt.%, and temperature was strictly
controlled. Fig. 7 illustrates the direct correlation
between catalyst dosage (Fe/Glu and Ni/Glu)
and hydrogen production rate, highlighting the
enhanced catalytic activity with increasing catalyst
mass.

Under these circumstances, an increase in the

Colloid Nanosci. J. 3(1 ) (2025) 499-518
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volume of hydrogen gas produced was observed
as the catalyst amount was elevated from 25 mg
to 125 mg. This phenomenon was found to be
specific to the Ni/Glu catalyst. The surface area of
the catalyst and the amount of sodium borohydride
adsorbed on it were both shown to increase with
the catalyst amount. It was noted that the number
of active catalytic sites responsible for sodium
borohydride adsorption and subsequent hydrogen
gas generation increased with the catalyst amount.
To determine the reaction order with respect to the
catalyst amount, a logarithmic plot of the hydrogen
gas production rate was constructed. The partial
reaction order of the rate law with respect to the
catalyst amount was determined from the slope of
thelogarithmic plot. Similarly, the partial order with

Colloid Nanosci. J. 3(1 ) (2025) 499-518

respect to the catalyst dosage was derived from the
slope of the linear regression. The partial reaction
orders for Fe/Glu and Ni/Glu were computed
as 0.5864 and 0.9366, respectively, under these
conditions. The initial concentration of sodium
borohydride (NaBH,) was identified as one of the
key variables influencing the rate law equation in
the hydrolysis process. To investigate the effect of
NaBH, concentration on catalytic hydrolysis, a
series of experiments were performed with varying
NaBH, concentrations (2.5-20 wt.%) and a fixed
NaOH concentration (2 wt.%), while maintaining
a constant catalyst amount (50 mg) at 45 °C. Fig.
8 illustrates the hydrogen gas production rate over
time for various weight percentages of sodium
borohydride with Fe/Glu and Ni/Glu catalysts.
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To determine the partial reaction order with
respect to sodium borohydride concentration, the
logarithmic plot of hydrogen gas generation rate
was analyzed. An increase in NaBH, concentration
was expected to enhance hydrogen gas production
due to the greater availability of the reactant.
However, for the Fe/Glu catalyst, hydrogen gas
production was observed to increase from 4 to 16
mL/min as the NaBH, concentration was raised
from 2.5% to 20%. Notably, an eightfold increase
in the initial NaBH, concentration resulted in
only a fourfold improvement in the hydrogen
release rate, indicating a sublinear relationship.
In contrast, for the Ni/Glu catalyst, hydrogen gas
generation was found to increase within a narrow
NaBH, concentration range (0.62%-5%). Beyond
this range, a decline in hydrogen production
was observed when the NaBH, concentration
was increased from 2.5% to 20%, consistent with
previous findings reported by Kaur et al. [73].

Specifically, the hydrogen production rate
decreased from 12 to 6 mL/min when the initial
NaBH, concentration was doubled from 5% to
10%, demonstrating an inverse correlation. This
trend persisted at higher NaBH, concentrations,
suggesting catalyst surface saturation and
subsequent reduction in catalytic activity. The
logarithmic plot of hydrogen gas production versus
initial NaBH, concentration revealed two distinct
linear regimes: one with a positive slope of 0.5507
(attributed to reactant-limited conditions) and
another with a negative slope of -0.3145 (associated
with catalyst saturation effects). The ascending
regime was utilized to derive the rate law equation,
while the descending regime underscored the
limitations imposed by catalyst surface saturation.
A plausible explanation for this dual behavior may
be attributed to the prolonged interaction time
between BH,™ ions and the catalyst surface at low
sodium borohydride (NaBH,) concentrations.
As the NaBH, concentration increases, the
concentration of sodium metaborate (a by-
product) also rises, leading to its accumulation on
the catalyst surface.

Consequently, active sites become obstructed,
reducing catalytic efficiency. Furthermore, any
component that increases solution viscosity (e.g.,
excess metaborate) may reduce the hydrogen
gas production rate. Based on the experimental
findings for catalyst dosage and initial NaBH,
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concentration, the rate law equations were derived

-4d[NaBH,] _ d[Hp] _
dt dt

k|Fe/Glu]®°®[NaBH,]|%>®
@

—4d[NaBH,] _ d[H,] _
dt T oar

k[Ni/GIu]°>**[NaBH,]°5"
6)

As demonstrated, the overall reaction order of
the hydrolysis reaction was determined to be
approximately 1 and 1.5 for Fe/Glu and Ni/Glu
catalysts, respectively. The Arrhenius equation
was applied to calculate the activation energy
of the reactions for both catalysts. To apply the
Arrhenius equation, the rate constant (k) for the
sodium borohydride hydrolysis reaction must
first be determined. This rate constant exhibits
temperature dependence, and thus, reactions
were performed using fixed amounts of sodium
borohydride (NaBH,) and catalyst at varying
temperatures (308, 318, and 328 K).

As shown in Fig. 9, the hydrogen gas
production profiles revealed a significant
enhancement in hydrogen generation with
increasing temperature. Using the reaction
rates obtained from catalyst dosage and NaBH,
concentration experiments, the rate constants
at the studied temperatures were calculated
and subsequently used to derive the activation
energies. For the Fe/Glu system, the rate
constant was observed to increase by over 1.4-
fold when the temperature was raised from 308
to 318 K, and by 2.6-fold at 328 K. In contrast,
for the Ni/Glu catalyst, the rate constant
increased by 2.5-fold and 6.3-fold under the
same temperature increments. These results
indicate that the temperature dependence of the
hydrogen generation rate is more pronounced
for the Ni/Glu catalyst compared to Fe/Glu.
To determine the activation energy, the In k
diagram was drawn in 1/T.

The activation energy of the hydrolysis
process was determined using the rate constant
values and the respective catalysts. Fig. 8 also
presents the Arrhenius plots for the hydrolysis
of sodium borohydride using Fe/Glu and Ni/
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Fig. 9. The volume of hydrogen generated versus time and Arrhenius plot at different temperatures for the hydrolysis of NaBH, (5
wt.%) and 50 mg catalyst.

Glu catalysts. The activation energies for
both catalysts were calculated from the slopes
of their respective Arrhenius plots. Derived
from these plots, the activation energy values
for Fe/Glu and Ni/Glu were found to be 28
kJ-mol! and 63 kJ-mol™!, respectively. The
temperature-dependent kinetic parameters and
associated statistical analysis are summarized
in Table 1, highlighting the catalyst’s enhanced
activity with rising thermal energy. The kinetic
investigation across varying temperatures
reveals a significant enhancement in reaction
rates with increasing thermal energy, consistent
with Arrhenius-type behavior.

This trend underscores the thermally
activated nature of the catalytic process,
where elevated temperatures reduce activation

Colloid Nanosci. J. 3(1 ) (2025) 499-518

barriers, thereby accelerating the reaction. The
high reproducibility of the measurements is
evidenced by low relative standard deviations
across triplicate trials, affirming the robustness
of the experimental methodology.

Notably, the highest tested temperature
yielded the most favorable reaction rates,
suggesting its potential for industrial adoption.
These findings emphasize the critical role
of thermal energy in modulating catalytic
efficiency, providing a foundation for
optimizing reaction conditions in scalable
applications.

The relationship between reaction rate and
temperature can be established using the Arrhenius
and Eyring equations. The Eyring equation,
rooted in statistical thermodynamics, is based
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Table 1. Kinetic constants at varying temperatures for Fe/Glu catalyst.

Temperature (K) Mean = SD (k) RSD
308 0.00874 £ 0.000262 ~3%
318 0.01205 = 0.00036 ~3%
328 0.0226 + 0.00091 ~4%
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Fig. 10. Eyring plots of (a) Fe/Glu and (b) Ni/Glu

on transition state theory, whereas the Arrhenius
equation is empirical. The activation energy of
the reaction at various temperatures is obtained
from the Arrhenius equation, whereas the Eyring
equation is used to estimate the activation enthalpy
(AH$%) and activation entropy (AS%).

Eq
k = Ae RT

(3)
Lnk = LnA — 22 Q)
RT

i () =in (945 o
T n R R J\T

In equations (3), (4) and (5), k is the rate
constants, A is pre-exponential factor, Ea is the
activation energy, T is the temperature in Kelvin,
R is the gas constant 8.314 J/molK), kB is the
Boltzmann constant (1.38 x 10-23 J/K), h is the
Planck constant (6.63 x 10-34 J.s), AS# is the
activation entropy, and AH# is the activation
enthalpy. The corresponded diagrams are shown
in Figure 10. Negative activation entropy can be
attributed to the adsorption of water and sodium
borohydride molecules at the rate determining step
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on the catalyst surface. Therefore, the total number
of molecules in the rate determining step decreases.

Table 2 shows activation energies of several
catalysts for hydrogen generation reaction.

The results confirm that the glucomannan-
based Fe catalyst developed in this work exhibits
high catalytic activity for hydrogen generation via
the hydrolysis of NaBH, solution. The activation
energy (E,) of the Fe/Glu catalyst was found to
be slightly higher than those reported for Fe,O,-
decorated oxidized MWCNTs [27] and Co-W-P/
Cu sheet [74], while being comparable to Co-Ni-
P-B [75], Co-Fe-B [29], and PVP-protected Au/
Ni [76]. In contrast, higher E, values were observed
for Co-Ni-B [77], Co-Ni-P film [78], Co-Ni-B/
Cu sheet [79], Co-Ni-Fe-P [31], NiCo,O,/zeolite
[80], Co/SiO, [47], and Ni-Co-B [12] catalysts
compared to the Fe/Glu catalyst. Notably, the E,
value of the Ni/Glu catalyst was lower than that of
Fe/Glu, which is consistent with the TEM analysis.
The TEM images revealed that the average
particle size of Fe stabilized with the polymer was
approximately 11 nm, whereas Ni particles were
significantly larger (~256 nm). It is well-established
that smaller particle sizes correspond to larger
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Table 2. Activation energy values for the hydrolysis of NaBH, solution catalyzed by various catalysts published previously.

Catalyst Ea (kJ / mol) Ref.
Fe O, decorated oxidized MWCNTs 15.92 [27]
Co-W-P/Cu sheet 22.8 [74]
Co-Ni-P-B 29 [75]
Co-Fe-B 29.09 [29]
PVP-protected Au/Ni 30.3 [76]
Co-Ni-B 34 [77]
Co-Ni-P film 38 [78]
Co-Ni-B/Cu sheet 42.8 [79]
Co-Ni-Fe-P 54.26 [31]
NiCo,0O,/zeolite 55.79 [80]
Co/SiO, 59 [47]
Ni-Co-B 62 [12]

Fe/Glu 28 This work

Ni/Glu 63 This work

surface areas, thereby increasing surface energy and molecule.

reducing the activation energy required for surface-
mediated reactions. As demonstrated in Table 2 and
throughout this study, the Fe/Glu catalyst exhibits
remarkable efficiency for hydrogen production via
NaBH, hydrolysis.

The combination of low activation energy,
cost-effectiveness, abundance, and high catalytic
activity renders the glucomannan-based Fe catalyst
a unique candidate for hydrogen generation. In this
work, hydrogen production via NaBH, hydrolysis
was investigated using a heterogeneous catalyst,
where surface adsorption plays a critical role.
The reaction mechanism involves three key steps:
adsorption of reactants onto the catalyst surface,
surface diffusion, and desorption of products.
As illustrated in Scheme 3, water molecules are
adsorbed onto electron-deficient sites (e.g., Fe-B
species), while BH,” anions are adsorbed onto
electron-rich sites (e.g., Fe metal). During this
process, a lone pair of electrons from water oxygen
is transferred to the partially positive sites on the
catalyst surface, and a hydrogen atom from water
combines with a hydride from BH,  to form
molecular hydrogen. This mechanism ultimately
yields four hydrogen molecules per NaBH,
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The combination of low activation energy,
cost-effectiveness, abundance, and high catalytic
activity renders the glucomannan-based Fe catalyst
a unique candidate for hydrogen generation. In this
work, hydrogen production via NaBH, hydrolysis
was investigated using a heterogeneous catalyst,
where surface adsorption plays a critical role.
The reaction mechanism involves three key steps:
adsorption of reactants onto the catalyst surface,
surface diffusion, and desorption of products.
As illustrated in Scheme 3, water molecules are
adsorbed onto electron-deficient sites (e.g., Fe-B
species), while BH,” anions are adsorbed onto
electron-rich sites (e.g., Fe metal). During this
process, a lone pair of electrons from water oxygen
is transferred to the partially positive sites on the
catalyst surface, and a hydrogen atom from water
combines with a hydride from BH,  to form
molecular hydrogen. This mechanism ultimately
yields four hydrogen molecules per NaBH,
molecule.

The reusability of the Fe/Glu catalyst is illustrated
in Fig. 11. The catalyst exhibited a gradual decline
in activity across successive runs, with the most
pronounced reduction observed between the
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Fig 11. Reusability of the Fe/Glu catalyst

initial and subsequent cycles. This trend reflects
progressive deactivation mechanisms inherent
to repeated catalytic processes. Notably, the rate
of activity loss stabilized in later runs, suggesting
partial retention of active sites or structural
integrity under operational stress. The observed
behavior aligns with the kinetic stability inferred
from earlier thermodynamic analyses, where the
core-shell morphology and robust polymer-metal
interactions likely mitigated rapid degradation. The
catalyst maintained functional efficacy throughout
multiple cycles, underscoring its suitability for
applications prioritizing cost-effective reuse over
peak single-cycle performance. This recyclability
profile, consistent with the structural insights
from TEM and XPS characterization, reinforces
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the design rationale for biopolymer-supported
catalytic systems.

4. Conclusions

Extracted glucomannan, a biodegradable
polysaccharide derived from Orchis mascula
roots, was employed to immobilize Fe and Ni
nanoparticles via a facile reduction process. Using
N,N’-methylenebisacrylamide (MBA) as a cross-
linker and methacrylic acid (MAA) as a monomer,
an insoluble polymer matrix was synthesized,
effectively stabilizing the metal particles. TEM
analysis revealed a core-shell structure, where
glucomannan chains encapsulated Fe nanoparticles
with an average size of 11 nm, while Ni particles
exhibited significantly larger dimensions (~256
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nm). The catalytic efficacy of Fe/Glu and Ni/
Glu was evaluated for hydrogen generation via
NaBH, hydrolysis, yielding overall reaction orders
of ~1 and ~1.5, respectively. The Fe/Glu catalyst
demonstrated superior performance, evidenced
by its low activation energy (28 kJ/mol vs. 63 kJ/
mol for Ni/Glu) and favorable thermodynamic
parameters (AH¥ = 35.75 kJ/mol; ASt = -170.6 ]/
mol-K). The use of glucomannan as a renewable,
non-toxic  biopolymer support underscores
the catalyst's alignment with green chemistry
principles, reducing reliance on synthetic materials
and minimizing ecological risks associated with
conventional catalyst synthesis. The Fe/Glu system’s
ability to operate under mild conditions (ambient
temperature/pressure) significantly lowers energy
consumption compared to high-temperature
industrial processes. Furthermore, the absence
of noble metals eliminates dependency on scarce
resources, enhancing sustainability. The core-
shell architecture not only prevents nanoparticle
agglomeration but also ensures long-term stability,
making the catalyst suitable for scalable industrial
applications such as fuel cells or portable hydrogen
generators. This work highlights the potential
of biopolymer-supported catalysts to advance
clean energy technologies, bridging fundamental
research  with  environmentally  conscious,
practical solutions for global hydrogen production
challenges.
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