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Abstract

Refinery-used metallic catalysts are supplied in oxide forms, meaning reduction is necessary for them to activate. Using glucose so-
lution and a molar steam-to-carbon ratio of six (S/C = 6), NiO/Al,O3 catalysts are reduced at temperatures ranging from 500-750 °C.
Steam reforming in a downflow bed reactor comes next. Through the use of XRD, TGA-FTIR, and SEM examination, the behavior
of the reacted catalyst was examined. It was found that it is possible to reduce the catalyst at temperatures as low as 550 °C, but be-
low 650 °C, the reacted catalysts become particle- and agglomerate-like. The agglomerated sample has much more carbon than the
particle form, according to TGA-FTIR measurements. Agglomeration has a detrimental effect on the efficiency of steam reforming.
SEM reveals that carbon is present in the agglomerated sample as big, flat plates of around 100 um, and additionally deposited as
short debris on the particle sample’s surface. However, no agglomeration is observed at temperatures higher than 650 “C. Between
650 and 700 °C, there was a significant rise in the conversion of glucose and H; production due to the elimination of agglomeration
catalysts. Around 61% of the H; is pure at 700 °C, and the H; production is 10.2%, or 12.1% of the equilibrium value, while the
conversions of water and glucose are 10% and 97%, respectively.
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1. Introduction quirement for these refining catalysts, with a 5% annual
growth in demand and a $2.8 billion cost in 2005, with
further rises predicted [4]. The majority of these catalysts
are metallic, meaning that they require chemical reduction
before they can be used for the intended purposes. Typi-
cally, manufacturers supply these catalysts in an oxidized
form to prevent potentially dangerous exothermic oxidiza-
tion during storage or transportation [5]. The refinery is
responsible for carrying out the initial stage of the activa-
tion process, which involves using hydrogen (H.), ammo-

Refining processes play a crucial role in the upgrading
and conversion of crude products. Operating refineries
is a tremendously lucrative industry that brings in close
to $2 billion annually [1]. Catalysts must be utilized to
speed up the reaction to achieve high production yield
and high-quality goods that will satisfy customers’ stan-
dard demands [2]. Approximately $2.3 billion, or 82%
of the total amount of crude oil, was invested in refinery

catalytic processes in 2015 [3]. There is a growing re-

nia, or a highly diluted methane (CH,) steam feed [6]. The
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main constituents are hydrocarbons (which have aratio of
0.5 H, to 2 carbons), various compounds of oxygen, nitro-
gen (N2), and sulphur—as well as organometallic particles
such as vanadium (V), iron (Fe), nickel (Ni), titanium (Ti),
and sulphur (S) having molecular weights around 2000 [7].
Its boiling point varies greatly from ambient temperature
to roughly 650 °C for H, [7]. The catalytic process en-
abled the development of an upgrading technique to refine
products of crude oil from fuel oil, diesel, petrol, lubrica-
tion, and jet fuel [7]. According to the National Research
Council (1992), nearly 60% of products from petrochem-
ical plants and 90% of petrochemical processes are cat-
alytic [8]. This is because of the wide range of molecular
weight and structure that greatly varies their usage as fuel
oil, chemical feed stock, and lubrication products [7], The
following processes call for a reduced metallic catalyst:
isomerization [9], hydrotreating, hydrocracking, catalytic
reforming [10], steam reforming, and Fisher tropsch pro-
cesses [11]. The research gap addressed in this study lies
in the limited exploration of biofuels as reducing agents
for activating metal catalysts, especially in comparison to
traditional methods using H, gas. Even though H is ef-
fective, it is costly, energy-intensive, and involves safety
concerns. There is a need to find greener, safer, and more
sustainable alternatives. This study investigates how com-
mon biofuels (viz., methanol, ethanol, and glycerol) can
reduce NiO to its metallic form, which is essential for cat-
alytic activity in refinery processes. In particular, the ob-
jective of the study is to characterize the reducing prop-
erties of biofuels; specifically, glucose solutions with a
steam-to-carbon (S/C) ratio of 6, for the activation of Ni-
based catalysts (NiO/AI»O3) used in refinery processes.
By examining the reduction process across various tem-
peratures (500-750 °C) and analyzing the resultant cata-
lyst behavior using techniques such as X-ray diffraction
(XRD), thermogravimetric analysis coupled with Fourier
transform infrared spectroscopy (TGA-FTIR), and scan-
ning electron microscopy (SEM), this work aims to opti-
mize conditions for the catalyst’s activation and evaluate
its performance during steam reforming. The study fur-
ther seeks to understand the effects of temperature on cat-
alyst morphology, agglomeration, carbon deposition, and
H, production, to improve the efficiency and sustainabil-
ity of refinery catalytic processes.

2. Materials and Methods
2.1. Sample Preparation

The catalyst utilized in this study is Johnson Matthey’s 18

wt. NiO/x-Al,O; catalyst. It is worth noting that NiO/x-
Al,O;3 refers to a composite or supported catalyst mate-

rial where nickel (1) oxide (NiO) is dispersed on or sup-
ported by alpha-phase aluminum oxide (x-Al;0s), also
known as alpha-alumina. The catalyst was delivered in
pellet form. Before its use, it was crushed and sieved to a
particle size of 0.85-2 mm. To create a glucose solution,
distilled water was mixed with pure glucose. Following
an overnight incubation period at room temperature with-
out stirring, 2 g of catalyst particles were added toa 20 mL
glucose agqueous solution (10 g/L). Subsequently, the sam-
ple underwent a drying cycle in an oven at 80 °C for 12
hours. Figure 1 illustrates the uniform grey-green hue of
the new catalyst particles.

In this work, precise results were presented. Some
measurements of high accuracy demand were carried out
in duplicate. It is believed that such will reduce uncer-
tainty and enhance the reliability of the study outcomes.

2.2. Reactor Set-Up for Carrying Out
Reduction Reaction

Firstly, the reduction experiments were carried out inside a
down-flow bed reactor as described in Figure 2. An aque-
ous solution of glucose with a specific S/C ratio was intro-
duced at a given flow rate. It was done by using a spring
to pump it into a reactor, as the flow rate of the gases (i.e.,
Hz or Ny) is regulated using an MKS mass flow rate con-
troller, where the gases are cooled down using a double
condenser at a temperature of -7 °C.

Absorption happens if the energy of infrared light
that is transmitted into molecules initiates some rotational
or vibrational states. Silica gel was used to remove mois-
ture from condensable constituents that are trapped inside
the condensate collector. Furthermore, every 5 s, a compo-
sition of dry outlet gas was reduced by using the Advanced
Optima Analyzer (ABB), which is capable of identifying
carbon monoxide (CO), H,, carbon dioxide (CO2), and
CHs. The concentration of CH., CO, and CO, was mea-
sured using infrared absorption (Uras-14), while the H;
concentration was measured by thermal conductivity de-
tector (Aldos 15).

2.3. The Experimental Procedure

This experiment used a continuous flow of N (carrier gas)
at 200 sccm (absolute pressure) at various temperatures
(500, 550, 600, 650, and 700 °C) in the absence of air. For
all runs, a 4.5 mL/min flow rate of glucose solution with
an S/C ratio of 6 was added to the reactor and left for about
80 min. The processes in Reactions 1-4 (or R1-R4) illus-
trate the following: water gas shift reaction, steam reform-
ing overall, glucose steam reforming based on a method
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(A)

Figure 1: Fresh Catalyst (A) Pellet and (B) Particle.

proposed by Masuda et al. [12], and NiO reduction reac-
tion by glucose solution [13].

12NiO + CeH1206 — 12Ni + 6CO; + 6H,0  (R1)
CsH1206 + 3H,0N' — 3CO, + CO + 9H, (R2)
H,0 + CO — CO; + Hp (R3)

CsH1206 + 6H,0 — 6CO; + 12H; )

Reactions 1-4 simply revealed the mechanism of

the product species, i.e., reduced Ni, Hz, CO,, and CO.
Various mechanisms have occurred, and they include ad-
sorption of reactant, recombination reaction, desorption
of product from the catalyst, and the formation of interme-
diates on the surface of the catalyst.

2.4. The Concept of Process Outputs
and Elemental Balance

Elemental balances were used herein to calculate the con-
version of glucose and water, the production of Hy, and the
rate at which NiO is reduced. For fuel with a general for-
mula of ChHnOx, equations and related assumptions for
these computations were provided in Martin [14]. Based
on N balance (Equation (1)), the molar flow rate of total
dry output gas (nouyary) Was calculated. As stated in Equa-
tion (2), the calculation of glucose conversion (Xgi) was
based on a carbon balance and was computed by dividing
the entire molar flow of carbon in the gaseous products by

the molar flow of carbon in the feed.
NN

e (D

1= Yen, —Yeo — Yeo, — Yz

Nout
,dry

(B)
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H,O conversion (Xu, o) was calculated based on an
H, balance of Equation (3). Note that H; yield is defined
as the percentage of H, produced experimentally with re-
spect to the theoretical maximum, according to Equation
(4). Moreover, for the evaluation of the reduction rate of
NiO to Ni, Equation (5) was used. Equation (6) is the con-
version of Ni in the process.

)
Nout,dry Zy(;Hq "'yH2 — 2Nglyin X Xl

X0 = x 100 (3)

NH20,in
2nout,dry X sz

H, (%) = 100 x
2y'9|d( ) 180nGIu,in

)
)

Reduction Rate = Noyt Yco + 2Yco, ~ MHz0,in — 6NGIyin X Xelu (5)
mol of Ni present in catalyst after reduction (6)
mol of NiO preent in catalyst before reduction

where, nj = molar flow rate of species i, y; = molar frac-

tion of species i in the dry outlet gas and X; = conversion
fraction of speciesi. Therefore, the total amount of NiO
at the beginning was calculated to be (2g x 17.2)/74.69
= 0.0046606 moles. The mol/s was integrated after every
5 s, to convert the total moles of reduced NiO to Ni metal
over a given period.

Conversion =

2.5. Characterization
2.5.1. Thermogravimetric Analysis

TGA was carried out with TGH1000 using Stanton Red-
croft. The experiment was carried out at a heating rate
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Figure 2: The Reactor Set-up.

of 5 °C/min, ranging from normal room temperature to
900 °C under pure air flow or N2. About 200 mg of sample
was used in every test. The background data collected is
consistent with the gas flow for approximately 25 min. It
was then used to correct the FTIR test background. How-
ever, integral absorbance of a specified spectral region is
shown on the chemigram profile as a function. The main
reason for using the chemigram profile shown in Table 1
was to identify regions that contain peaks of one compo-
nent.

Table 1: Parameter for Collecting Chemigram Profile.

Component Baseline (cm1) Region (cm1)
Cco 2000-2250 2000-2250
CO. 2250-2400 2250-2400

Formic acid 900-1200 900-1200

Water 1300-2000 1300-2000

TGA-FTIR is a temperature-programmed instrument
used to analyze the coke combustion performance on the
surface of the reacted catalyst. It is a technique that uses
an interface to combine FTIR and TGA [15]. Using an
air-heated TGA instrument, the mass change of the sam-
ple during a specific period was monitored at a rate of
10 °C/min. A TGA’s FTIR instrument was used to track
the changes in gases over time. As a result, the FTIR gad-
get releases a 3D spectrum: wave number, time, and IR
absorbance. The chemigram profile illustrates how gas
emission varies with temperature. Consequently, it gives
a chemigram profile that indicates the relative amounts of
Hzo, CO, and COz [16].

2.5.2. XRD and SEM-EDX Analysis

XRD determines the product’s crystalline percentage and
degree of reduction. To perform an XRD test, the catalyst
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particles were essentially ground into fine powder. An
X’pert PAN analytical High Score Plus software was uti-
lized for the Rietveld refinement phase analysis [17]. The
Rietveld Refinement is a full-pattern fit approach used to
analyze the sample’s composition. Because many metrics,
including the strain effect, size effect, temperature factor,
and lattice parameter, are used to compare the estimated
and observed profiles [18]. Nevertheless, the result in-
dicates the phase level (in weight percentage) present in
each sample. Furthermore, the percentage of NiO conver-
sion to Ni was determined in this research using Rietveld
refinement [19]. It provides information on the decreased
catalyst’s surface morphology. SEM (SEM, LEO 1530,
Oberkochen, Germany), described in Narang et al. [20],
was used to evaluate catalyst morphological changes, both
before and after the reduction process, as well as the devel-
opment of carbon on the catalyst’s surface. The sample’s
surface was subjected to semi-quantity analysis using an
EDX machine manufactured by Oxford Instruments plc,
Abingdon, UK, which gives the X-ray emissions that oc-
cur when the sample is exposed to an electron beam [21].

2.5.3. CHN Elemental Assessment

A CHN elemental analyzer (Flash EA2000 by CE Instru-
ments Ltd. with Registered office address: The Old Barn
Swan Lane, Hindley Green, Wigan, Lancashire, WN2
4HF in the United States) was used to determine the car-
bon and H; content of these samples. Tin capsules were
filled with approximately 15 mg of powder samples. Be-
fore the tin capsule was entered into the analyzer, it was
carefully folded to release any contained air. A high de-
gree of reproducibility was obtained, and duplicate deter-
mination was done.

3. Results and Discussion

3.1. Process Analysis

To describe the reduction process, a combined catalyst re-
duction and steam reforming experiment at 700 °C with
S/C = 6 was selected as a representative example of all the
other variables. Figure 3 displays the distribution of gas
products across time and feedstock conversions. The ini-
tial NiO reduction (Reaction 1) was demonstrated by the
generation of H,O, which resulted in a negative H,O con-
version (Figure 3B), as well as by the high concentration
of CO- in the gas products (Figure 3A). Figure 4 shows
the reduction rate.

In Figure 3, the production plateaus of H,O and CO;
are recognizable. It corresponds with the findings of ear-
lier research on the reduction of NiO using bio-oil [22],
waste tires [23], and acetic acid [24]. Due to the constant

generation of Ni catalyst, the concentration of H, and CO
indicates that the rate of steam reforming increased lin-
early. Subsequently, the concentration of the gas product
and the conversion of feedstock flattened off after 4800 s,
indicating that the reduction of NiO had been achieved,
and the steam reforming as well as water gas shift reac-
tion became stable.

3.2. Effect of Temperature on the
Reduction of Catalyst at S/C of 6

In this work, the reduction of NiO to Ni by glucose solu-
tion was examined at different temperatures and S/C ratios.
XRD, TGA-FTIR, and SEM analysis were used for char-
acterizing the reduced Ni catalyst. Figure 5A shows the
external appearance of fresh NiO before reduction, while
Figure 5B—F shows the external appearance of the reacted
Ni catalyst at temperatures of 500, 550, 650, and 700 °C,
respectively (when S/C = 6).

Between the temperatures of 500 and 650 °C, the
reacted catalysts were in particulate and agglomerated
forms. However, it was observed that increasing the tem-
perature to 700 °C causes the catalyst to exist solely in
particulate form. Henceforth, these two forms of reacted
catalysts are denoted as particle sample and agglomerate
sample. Moreover, the minimum temperature for feasi-
ble reduction was determined by using XRD analysis of
a fresh NiO sample and the reduced catalyst at 500 and
550 °C.

3.3. Carbon Deposition

Moreover, Figure 6 shows the Chemigram profile of the
particle sample (left) and the agglomerated sample (right)
at 500 °C. The FTIR analysis of the Ni particle catalyst at
500 °C (left) shows no traceable pattern of CO and H,O
throughout the process apart from that of CO,. The emis-
sion of CO; starts at a temperature between 200-680 °C,
but at a constant temperature of 400 °C, there was a very
strong CO; signal peak. Also, at a temperature at 650 °C,
there’s a small peak of CO,. The carbon species, which
are the oxides at lower temperatures, exist in amorphous
and filamentous form. Note that the carbon species that
are oxidized at a very high temperature usually exist in a
graphite-like crystallite form [25].

The deposition and formation of an amorphous form
of carbon on the surface of the reacted catalyst can eas-
ily cover the active site and therefore deactivate the cat-
alyst [26]. Moreover, the existence of two CO; peaks
during the TPO of the used catalyst has been reported by
Rihm et al. (2023) [27].
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Figure 5: External Appearance of (A) Fresh and (B—F) Reacted Catalyst Samples at 500, 550, 600,650, and 700 °C.

3.4. Performance of Steam Reforming

The steam reforming process and integrated catalyst reduc-
tion have been examined at S/C = 6 at different tempera-
tures. From the reformate, only CO, CO,, H, and small

guantities of CH, are detected. Figure 7 shows the steam
reforming performance of glucose with respect to temper-

ature. From the graph plot in Figure 7a, the purity of H, in-
creases with an increase in temperature up to 650 °C, after
which the concentration becomes stable. Methane concen-

Mohammed Abdulrahim et al.

Sustainable Processes Connect


https://scifiniti.com/
https://scifiniti.com/journals/sustainable-processes-connect

2025, Vol. 1, Article ID. 2025.0001
https://doi.org/10.69709/SusProc.2025.182934

(a)

120

100 - )

e CO2 Imtensity

80 = CO Intensity
= H>0 Intensity
@ 60 =
=
: /
= a0
=

20 \

0 +
0 500 1000
-20

Temperature (°C)

(b)

20

15 /‘\“
> / \ = CO2 Intensity
g » H20 Intensity
£
-4 5

00 600 800

0 200 4 1000

-5

Temperature (°C)

Figure 6: (a) Chemigram Profile of Particle Sample (left) and (b) Agglomerated Sample (right).

tration dropped to approximately zero with the increase in
temperature. Simply because of the improvement of CHy-
steam reforming over the methanation reaction (endother-
mic). There is also a decrease in CO, with an increase
in temperature and an increase in CO with an increase in
temperature until 650 °C, after which their concentration
stabilizes to 750 °C. The reaction is exothermic, where
the increase in temperature suppresses the reaction to give
up more CO,. In the meantime, the replacement of both
Boudouard and water gas shift reactions led to an increase
in the concentration of CO and a decrease in the concen-
tration of CO, [27]. Figure 8 illustrates the conversion
of glucose, as well as the yields of water and hydrogen,
in relation to temperature. With temperature increase, the
conversion rate of glucose increases rapidly up to 700 °C,
after which the conversion rate stabilizes. Even with a
further increase in temperature, the conversion rate will
not go further, and the glucose conversion rate achievable
would be 96%.

The conversion of water linearly increases with the
increase in temperature and then becomes stable at a tem-
perature of 700 °C (with the conversion rate of 10%). Sim-
ilarly, H, yield increases with the increase in temperature
and then stabilises at 700 °C (with 10.11% yield rate).

3.5. Comparison of Thermodynamic
Equilibrium Data with Experimental
Results

The dashed line in Figures 7 and 8 illustrates the thermody-
namic equilibrium data for glucose steam reforming at dif-
ferent temperatures at S/C = 6. The conversion of glucose
reaches 100% at equilibrium, as shown in Figure 9. Ac-
cording to Le Chatelier’s principle, an increase in temper-
ature favors an endothermic steam reforming. Similarly,
an increase in temperature does not favor the exothermic

water gas shift, but favors an increase in steam content.
However, the undesirable effect of temperature on water
gas shift causes a small decrease in H; yield at equilibrium.
As a result, water is converted from 650-750 °C when
S/C is kept at 6. In Figure 7, there is a lower H; yield,
glucose conversion, and water conversion, based on the
experimental data compared to the equilibrium data. The
key reason for the difference between the two data sets is
the kinetic control of the steam reforming reaction.

3.6. Characterization
3.6.1. Trends lllustrated by TGA

The behavior of mass loss of NiO is almost the same as that
of Al,O3 under N at the beginning of 430 °C, as shown
in Figures 9 and 10. However, after 430 °C, there was a
slight mass drop in Al>Os, whereas the NiO sample expe-
rienced two important mass losses. This shows that the
variation occurred at a temperature below 430 °C. Subse-
quently, NiO plays a significant role in the reaction when
the temperature is >430 °C.

Generally, the composites that exist in bio-oil (bio-
oil compounds) belong to one of these chemical groups:
alcohols, hydroxyaldehydes, ketones, carboxylic acid, fu-
ran, and phenolic. Certain phenolic compounds, such as
oligomeric proanthocyanidins, typically exist as oligomers
with molecular weights ranging from 900 to 2500 Da.
While sugar, ketones, alcohol, hydroxyaldehydes, and
carboxylic acid are derivatives of carbohydrates, they are
very soluble in water. Furans are from lignin and are hy-
drophobic.
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3.6.2. XRD, FTIR, and SEM-EDX
Images/Graphical Illustrations

In Figure 11, the fresh NiO catalyst is represented by
the blue patterns, while the reduced catalysts at 500 and
550 °C are represented by the black and red patterns, re-
spectively. Similarly, the characteristic of NiO is marked
as (O), the characteristic of Ni is marked as (+), and the
blank pattern is Al,Os. The XRD analysis of the catalysts
identified three constituent compounds—ALOs, NiO, and
Ni—as the only phases present in the samples.

ature and (b) Yield Performance of Hz with Temperature.

Essentially, (O) characteristic peaks of NiO, (+)
characteristic peaks of Ni, and the blank peak charac-

teristics are attributed to ot-Al,Os3. Therefore, using the
Rietveld refinement method for the reacted catalyst at
500 °C, there was 86.6% Al,O; (pattern no. 04-004-
5434), 3% NiO (pattern no. 04-013-0890), and 10.4%
Ni (pattern no. 04-010-6148). The weighted R profile
and goodness of fitting of refinement were 4.00164 and
3.6599, respectively. Such indicates that the refinement
result is reliable and good [28]. The final conversion of
NiO calculated is 82%. The incomplete conversion is at-
tributed to the low temperature. The reacted sample at
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Figure 10: The DTG curves.

a temperature of 550 °C has 88.7% Al,O3 (with pattern
no. 04-004-5434) and Ni at 11.3% (with pattern no. 04-
010-6148), with no traces of NiO. Weighted R profile and
goodness of fitting of refinement are 4.3944 and 4.4378,
respectively. By implication, the refinement result is re-
liable and good, as the final conversion is 100%. There-
fore, by comparing the results obtained from the 3 sam-
ples (fresh sample, reacted sample at 500 °C, and reacted
sample at 550 °C), it can be concluded that the minimum

temperature for complete reduction of NiO to Ni by using
glucose solution with S/C = 6 is 550 °C. Since no other
phase except Al,Os; and solid Ni was observed. The use
of CH, as feed for the reduction of NiO was reported by
Caravaggio et al. [29]. Complete reduction of NiO by
CHy can be achieved at a temperature of 725 *C [30].
FTIR in Figure 12, where the chemigram of Al,O3 and
NiO samples is shown, is remarked in the following way.
Both samples (Ni and Al,Os3) released no CO below the
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Figure 11: XRD Peaks of Fresh and Reduced Catalyst at 500 and 550 °C.

temperature of 800 °C. There are fewer quantities of CO
exhaust. But at temperatures above 430 °C, there are two
strong signal peaks in the separation of NiO, which cor-
respond to the two important mass losses. In the case of
reducing NiO by charcoal and other intermediates of glu-
cose pyrolysis, there is a huge release of CO,. Figure 13
displays the SEM image of the reduced catalyst, depict-
ing a particulate and agglomerated structure observed at
a temperature of 550 °C. The presence of NiO is evident
in the form of dispersed particles across the Al.O3; sup-
port. Notably, these NiO particles exhibit a significant
size variation, ranging from tens to hundreds of nanome-
ters. Consequently, the larger NiO particles likely result
from the aggregation of NiO crystallites.

While the morphological characteristics of the cata-
lyst may be intricate, it is discernible that a portion of the
Al,O;3 surface remains uncovered. To illustrate the mor-
phology of carbon, it is evident that carbon is unevenly
distributed, manifesting as a layer that partially covers the
catalyst. The agglomerated form of carbon covers a sub-
stantial portion of the active sites in comparison to the par-
ticulate form, as exemplified by Dou et al. [31]. Further-
more, some NiO sites remain exposed.

The empirical implication of this study is that bio-
fuels such as ethanol, methanol, and glycerol can effec-
tively serve as reducing agents for activating metal cata-
lysts such as Ni in refinery processes. This means that,
in practice, industries could potentially adopt these bio-

fuels to replace conventional H, gas in catalyst activation,
leading to reduced operational costs, improved safety, and
a lower environmental footprint. The study provides ex-
perimental evidence, through techniques including TGA,
TGA-FTIR, and XRD, that biofuels can initiate reduction
reactions at relatively low temperatures, making the pro-
cess more energy-efficient. Hence, it opens up new path-
ways for sustainable catalyst regeneration and supports the
integration of renewable resources into industrial systems.

4, Conclusions

The reducing properties of glucose solution with S/C =6
on NiO catalyst were characterized by XRD, TGA-FTIR,
and SEM analysis. The steam reforming performance of
the reduced catalyst was also conducted. The minimum
temperature for feasible reduction is 550 °C. Besides, the
reacted catalysts appeared in particle and agglomerated
form below 650 °C. The TGA-FTIR result shows that the
agglomerated sample contains much more carbon than the
normal particles. SEM analysis revealed that the carbon
in the agglomerated sample exists in the form of large flat
plates (about 100 pm), while the deposition of carbon on
the surface of the particle sample is in the form of short de-
bris. However, at a temperature above 650 °C, there were
no agglomerated phenomena. Agglomeration affects the
steam reforming performance negatively. The disappear-
ance of agglomeration catalysts will cause a large increase
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Figure 13: SEM Image of Reduced (left) Particulate and (right) Agglomerate at 550 °C.

in the glucose conversion and H; yield between 650 and
700 °C. The steam activity of the glucose solution reduced
the catalyst was just below that of the H, reduced catalyst,
possibly attributed to denser carbon filament formation on
the surface of the catalyst. However, at 700 °C, H. purity
is about 61%, H, yield is 10.2% (i.e., 12.1% of the equi-
librium value), while glucose and water conversions are

97 and 10%, respectively. However, the limitation of this
study is that it focuses only on NiO and a few selected
biofuels under controlled laboratory conditions. It does
not explore long-term catalyst stability, reaction kinetics,
or performance under industrial-scale settings, which are
important for real-world applications.
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