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Title: The preferable Ni quantity to boost the performance of FSA for dry reforming of methane
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* The changes have been done in the manuscript according to the reviewer’s comments.
« All of the changes are highlighted in yellow.

and output of it

Presently, the production of syngas through the dry reforming of methane is a widely
employed approach for reducing vast amounts of greenhouse gas emissions. Several metals,
particularly transition metals support have been evaluated as active DRM catalyst systems.
In this work, a comparative studies is presented between Cobalt and Nickel metals
impregnated over fibrous silica-alumina (FSA) support synthesized by the hydrothermal
method for dry methane reforming. The specimens were characterized via FESEM
mapping, TEM, XRD, H>-TPR, XRF, N2 physisorption, and KBr-FTIR techniques. Unlike
the Co/FSA, Ni/FSA displayed a higher surface area with a fine dispersion of Ni nano-
crystalline and less agglomeration, and more active sites which enhanced the metal-support
interaction. Approximately 0.2g of each catalyst was evaluated at 650 - 800 °C with a
respective. CH4:CO2:N ratio of 1:1:2, gas hourly space velocity 30,000 mL g h't. The
Ni/FSA demonstrated more conversion of CH4 (89%) over (67%) of Co/FSA at 800°C.
After 10 h of long-term reaction, the Ni/FSA exhibited more stability at 800 °C. TGA/DTA,
Raman, and TEM results showed that spent Ni/FSA catalysts did not demonstrate signs of
considerable nano-graphitic carbon or metal sintering as compared to Co/FSA catalysts,
which had bigger crystallites of Co. The finding of this study would add new knowledge on
reaction conditions involving and catalytic activities of the metals over the FSA.
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1 In abstract part, authors Thank you for your comment.
must be discuss about
results of nanomaterials We have revised it by adding nanomaterial notice. Page. iii




Discuss about FT-IR isnot
clear and need more
discuss and add suitable
references

Thank you for your comment.
We have revised it with added more discussion.

FTIR spectroscopy with wavelengths between 400 and 4000 cm-1, assessed the
various construction heterogeneity of the (Co and Ni) supported FSA, as exhibited in
figure.5. The most prominent peaks exhibited siliceous frames because Si interacted with
various atoms, (for instance, Si-O-Si, Si-OH, Si-O, Al-O-Al, and Si-O-Al) through the
range 400-1300 cm L. [52]. The wavenumbers of five peaks 1240, 1090, 960, 790, also 460
cm™* were demonstrated in all specimens, which is indicative of Si-O-Si element through
peaks in a range of 960-1260 cm™ were apparent via all samples [53]. Simultaneously, all
catalysts in fig.5 possess a peak at 3400 cm™ indicating that O-H-stretching is caused by
water molecules, which are related to (Brgnsted acid sites) increasing ions of hydrogen
concentration [54,55]. As displayed in fig.5 Ni/FSA possesses a low-intensity of peak at
3400 cm reflected in low Bransted acid sites. Furthermore, Si-O-Si transverse-optical
(TO) and longitudinal-optical (LO) band asymmetric stretching were attributed to the
dominant transmittance peak at approximately 1240 cm™ and 1090 cm, respectively [56—
58]. The weak bands at 960 and 1640 cm™ were assigned external groups of Si-OH, whilst
symmetric and asymmetric Al-O and Si-O stretch vibrations were revealed at 800 cm™ and
462 cm?, respectively [59]. Moreover, asymmetrical and symmetrical stretched vibrations,
in addition to stretching vibrations of Si-O-Al, were ascribed to the bands at 1090 cm™, 790
cm, and approximately 460 cm™ [60] . The robustness of these peaks diminished when Ni
and Co were introduced to FSA, realization that the Si—O-Si and Si-OH were partly
replaced by Ni-O-Si, Co-O-Si, Ni-O, and Co-O. In particular, in the Co/FSA spectra, one
special peak at 666 cm™ attributable to Co—O vibrations occurred, indicating to the Co had
been successfully incorporated into the catalyst [17,41]. The substitution result of O—H and
O-Si with the Ni ions in the dendritic fibrous FSA structure showed a greater reduction in
peak density compared to the Co sample, which emphasizes that Ni had a more robust
interaction with FSA support than Co [61,62].
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In conclusion section, |
cannot see any data from
your works? whats happen
and whast results coming?

Thank you for your comment we have more clarity.

To conclude, fibrous silica-alumina (FSA) has been synthesized through the hydrothermal
method with various loading metals by the impregnation method. In the KBr-FTIR and H»-
TPR investigations, the appearance of the degree of metal interactions was conditional on




metal dispersion attributed to metal crystallite size on the support surface. Accordingly,
Ni/FSA generated superlative function in the DRM reaction across a temperature range of
500-850 °C and extraordinary stability over 10 h it due to its a large surface area (338.56
m?/g), fine size dispersion of Ni, and strong metal-support interaction, as well as strong
resistance to sintering by restricting Ni atoms or crystallite movements on the support.
However, Co/FSA had a bigger crystallinite size, which affects the metal-support
interaction reflected in the performance of the catalyst. The Ni/FSA catalyst serves as a
coke inhibitor and a disordered amorphous phase with no effect on the catalyst stability.
These characteristics are the vital causes for Ni/FSA catalyst's superior efficiency to
Co/FSA synthesized via wet impregnation. As documented, the conversion of CH4 was
97.5% for Ni/FSA, while it dramatically dropped to 20.63% for Co/FSA

Page.17

please remove Ni/FSA
manifested in the high
conversion of CH4 at 96 %
and CO2 at 90 % from
keyword

Thank you for your comment.

We have removed it

Research highlights

The small Ni particles resist the coke aggregation

The oxygen capacity of the supports inhibits coke formation
Active sites in dendritic fibrous are easily accessible

The catalytic activity is dependent on the metal-support interaction
e Carbon nanotubes influence the catalytic activity

Highlights

Purity of materials and
also detail of companies
relative to instruments
must be clear.

Thank you for your comment.
We have revised and added more details.

Fibrous silica-alumina support has been generated through the hydrothermal method and
Al>O3. Alumina nitrate (Sigma-Aldrich, > 98%) was combined into a homogenous mixture
of n-butanol (Merck, > 98%) and toluene (Sigma-Aldrich, > 98%). Afterwards, the solution
was stirred for approximately 30 min prior to introducing TEOS (Merck, > 98%) and was
poured dropwise. Urea (Merck, > 98%), Cetrimonium bromide (CTAB- Sigma-Aldrich, >
98%), and 0.75 L of deionized water were added to the mixture. Toluene/1-butanol=13.8,
urea/CTAB=3.8, and Si/Al=1.23 are the essential variables. While being exposed to
microwave radiation at 400 W for 360 min, the subject substance was vaporized at 120 °C

Page.5




for overnight evaporation. The white specimen was heated in a furnace for 360 min at 550
C to produce FSA support.

To load metals onto FSA, a 5 wt% Co and Ni-impregnated solution of Co(NOz3). and Ni
(NO3)2.6H.0 were (% trace metals) used as purchased from Sigma-Aldrich. Bhd. They
dissolved in deionized water was deployed. Beforein getting impregnated, the specimens
were evaporatively dried and then calcined for three hours at 550 °C. Co/FSA and Ni/FSA
were the end products of this procedure.
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Abbreviation.

(GHGsS): Greenhouse gas.

(DRM): Dry reforming of methane.
(FSA): Fibrous silica-alumina.
(CTAB): Cetrimonium bromide.

(TEOS): Tetraethyl orthosilicate.
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(FTIR):
(TEM):

(H2-TPR):

(TGA):
(GC):
(BET):
(C-NTs):
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(G-band):
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X-ray diffractograms.
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Fourier-transform infrared.
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H> temperature program reduction.
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Thermal conductivity detector
Non-local density functional theory
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Fig.1la seems compressed
because the image wide is
not similar to the others (Fig.
1b and Fig. 1c). Please check
and revise.

Thank you for your comment.
We have checked and revised it.

Fig.1.

T =S
(A) FESEM image of FSA diffusion, (B) The p
Co/FSA with mapping.

article apping of Ni/FSA,(C)
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As stated in the
methodology, the amount

Thank you for your comment.
We have provided XRF analysis to confirm the metal loading.

of Co and Ni loaded is 5 Traces of cobalt and nickel were observed via catalysts are 5.10% and 4.84% respectively | Page.10
wit%. Is there any by XRF analysis in the table.2, The amounts of Ni-loading at 5% wt are consistent with the
characterization analysis quantities employed during catalyst preparations, and the identifying amounts of compounds
used to confirm the utilized in this investigation are true.
amount of metal loading?
This info is very important | Sample Ni (% wt) SiO2 (Yowt) Al>,03 (% wt)
to ensure the difference in
properties and activities
originated from the type of
metal and not the amount Co/FSA 5.12% 76.18% 18.7%
of metal used. )
Ni/FSA 4.84 % 79.2% 16.5%
Fig. 6 - The reactant Thank you for your comment.
conversion over Ni/FSA We have revised with added the details
and Co/FSA are similar at | Interestingly, the conversion of CHsand CO; at 700 were similar for the Ni/FSA and
700 oC. The explanation Co/FSA catalysts, indicating the possibility that side reactions such as; methane
behind the findings should | decomposition (CH4s— C + 2H3) and the Boudouard reaction (2CO < C + CO) have Page.14
be included. occurred [7,64].
Fig. 6 & Fig. 7 - Reaction Thank you for your comment.
conditions should be added in | We have revised the captions with added more information.
the caption for better
understanding. Fig .6. Catalytic performance over the catalysts (A) CH4 conversion and (B) CO2 conversion | List of
with different catalysts (Condition: CO2/CHs=1:1, GHSV=50,000 mL-gcat -h™%, P=1atm, | figures

T= 1500 to 850 °C).

Fig. 7.Catalytic stability over the catalysts (A) CH4 conversion, (B) CO> conversion, and (C)
H2/CO ratio (Condition: CO2/CH4=1:1, GHSV=50,000 mL-get > h*, P=1atm, T=850 °C,
Tim= 10h).




8. Fig. 7 - 10h catalyst stability | Thank you for your comment.
test is considered too short.
Normally, stability of the Actually, we measure the reaction stability throughout 10 hours, owing to the Co/FSA
fggf&:f g?g;&:gi witha sample conversions of CH4 and CO2, which dropped to around 20% and 17%, respectively.
(example: 60 h) So from our knowledge no need to continue the stability test.
Figure.6
0. Fig. 7c - Significant Thank you for your comment.
decrease in syngas ratio was | We have revised and added more information.
observed at 1-h of reaction
for both catalysts. Why? Simultaneous secondary reactions that occurred throughout catalytic testing were
E)Li)ﬁ?];tzg\r?de the predictable. On the other hand, from the H2/CO profiles as displayed in Fig. 7C, In actuality,
a rise in the ratio of syngas on Ni/FSA after 6 hours was driven by the concomitant
occurrence of CH4 decomposition (CHs —C + 2Hz2) and CO disproportionation (2CO «C +
COy). These subsequent reactions neither simply influenced the syngas ratio, but also
produced carbonaceous species that were detrimental to catalytic activity. On the contrary,
in the first hours of the reaction, the syngas ratio was shown to drop for both specimens,
which was caused by the reverse water gas shift (RWGS) reaction to the decrease in syngas
ratio. and seem to improve with the favourability of thermodynamics [67,68] Page. 15,16
10. Fig. 7c - Significant Thank you for your comment.
increase was observed at 6 h | We have revised and added more information.
for Ni/FSA. Why the ratio
drastically increased at 6-n of | gjmytaneous secondary reactions that occurred throughout catalytic testing were
;i?grtllt?ﬁz eP)I(eallZi;rig\:de a predictable. On the other hand, from the H2/CO profiles as displayed in Fig. 7C, In actuality,
P ' a rise in the ratio of syngas on Ni/FSA after 6 hours was driven by the concomitant
occurrence of CH4 decomposition (CHs —C + 2H2) and CO disproportionation (2CO «C +
COz). These subsequent reactions neither simply influenced the syngas ratio, but also
produced carbonaceous species that were detrimental to catalytic activity. On the contrary,
in the first hours of the reaction, the syngas ratio was shown to drop for both specimens, Page. 15,16

which was caused by the reverse water gas shift (RWGS) reaction to the decrease in syngas
ratio. and seem to improve with the favourability of thermodynamics [67,68].




11.

Why were the product
selectivity and product yield
not examined in this study?

Thank you for your comment.
We have revised with added the selectivity and yield result.
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Fig. 7. (A) Selectivity of H> and CO, the (B) yield of H2 and Co during methane dry
reforming over Ni/FSA and Co/FSA

According to Fig. 8, the H. yield showed a different trend with conversions, with Ni/FSA
achieving the highest H» yields and Co/FSA achieving the lowest. Meanwhile, the exception
of CO selectivity that appeared to be caused by the Co/FSA catalyst can be explained by the
RWGS reaction (CO2 + H, «<>CO + H20). where the Hz and CO selectivity of Ni/FSA were
quite similar, which were 48% of S (CO) and 51% of S (H>) ) [65,66].

Figure. 8

Page.15




12.

Catalysts regeneration and
reusability studies should be
performed to evaluate the
influence of coke deposition
on catalyst activity.

Thank you for your comment.
We have been studying the carbon impact and type of carbon through the TGA/DTA,
Raman, and TEM analysis. These evaluated the carbon effect on the activity of the catalyst.

Spent Characterization

During 10 hours of activation, the Raman spectra evidenced the distinct species of
carbon extant in Fig. 8. The sp2-bonded carbon deposit is responsible for two peaks: the
disorder-generated band (D-band) at 1350 cm™ and the graphite carbon band (G-band) at
1584 cm™ [38]. The G-to-D-band ratio (IG/ID) is a representation of the amount of carbon
placed, which evaluates the quantity of graphitization of coke deposits. Consequently, a
higher 1G/ID ratio implies that graphitic carbon is being generated at an accelerated rate
more highly than amorphous carbon and inconsistently, increases the catalyst's susceptibility
to deactivation and complicates the renovation process [69]. The IG/ID ratios for Co/FSA
and Ni/FSA were 1.02 and 0.9, respectively, confirming both carbons, graphitic and
amorphous, were attended with both specimens. Raman spectra revealed that the Ni/FSA
had the lowest IG/ID ratio and narrowest band zones throughout Raman wavelengths. This
indicates that a small amount of carbon is deposited on Ni/FSA, while the maximum carbon
achieves an amorphous and disordered formation that has little potential for catalyst
disruption. The disordered carbon formations are mainly gasified throughout the DRM,
preventing them from accumulating and developing into a more stable carbon deposit.

Coke coatings on the catalyst surface were evaluated using the TGA and DTA
investigation, and the findings are displayed in fig.9. The charts demonstrated the weight
portion loss caused by the used catalysts, the amount of carbon formed, and the volume of
coke that might be replaced over the suppression mechanism of oxidation employing plenty
of Oz to form COz. For the Ni/FSA catalyst, the preliminary loss of weight happened at
approximately 85°C and progressed at 4%. This demonstrates the carbon amorphous
formation, which is recognized to oxidise at lower temperatures compared with other
carbons, on the catalyst surface [70]. Observations in ancient times have proven that the size
of the metal crystallization has a considerable impact on restricting carbon residue or
elution, as catalysts with minimal metal crystalline phases release fewer cokes [71].
Additionally, the Raman and TGA analyses provided physical and quantifiable verification
of the coke generation. Due to amorphous carbon's simpler oxidation than graphitic carbon,
it had less of an impact on the catalyst's performance even after 10 hours on streams [72].

Page.16,17,
18,19




The losing weight is particularly evident in Co/FSA, with a maximum value of peak position
appearing at about 600 °C. That proves the accumulation of exceptionally carbonaceous
graphitic, which is challenging to gasify on-site or rejuvenate This carbon typee has
responsibility for the rapid deactivation of Co/FSA, as shown in the stability evaluation (Fig.
7).

The DTG patterns can be subdivided into distinct peaks that correspond to different
types of carbon and are classified by the symbols Cy, CpB, and Ca [73]. We utilized TGA
curve discrimination to determine the varieties of carbon species that are considered the
peaks in (Fig. 9B). Amorphous carbon (Ca) is oxidised at minimal temperatures to create the
syngas. Whereas, at extreme temperatures, Cy and Cp are oxidized, and those carbon sorts
are actually involved in the mechanism catalyst performance. The mass loss of roughly
100°C across all specimens is assigned to C, whereas the minor peak at 550°C is related to
CPB, which is presumably formed by polymerization and rearranging of active carbon
species. At approximately 650 C, the weighting losses were caused by crystalline carbon C,
which is crucial for catalytic inactivation [74,75].

After 10 hours of stream in the DRM reaction, the catalysts had not morphologically
deformed and had sustained the FSA fibrosis as shown in fig.10. The Ni lattice fringes were
discovered in the assessed quadrat space with lattice spacings of 0.18, 0.25, and 0.2 nm for
the Ni/FSA specimen (Fig. 10 B) and related to Ni (200), NiO (111), and AlsNi (301),
respectively. Moreover, the lattice area which correlated to the Coz04 (111), CoO (200), and
Co (100) was 0.466, 0.213, and 0.208 nm, respectively in fig .10D. The lattice spacing of
carbon interplanar was nonexistent on Ni/FSA provided evidence that carbon-graphite
prevention was observed. Only on Co/FSA could different lattice fringes be seen that were
related to carbon graphite and nanotubes with different levels of graphitization (Fig. 9D).

Fig. 10A depicts the formation of amorphous carbon that is disordered around the Ni
nanoparticles. This classification of carbon was not suffered or had no deactivation for the
catalyst during the reaction indicating rapid gasification through oxygen vacancy to generate
extra CO. As a consequence, it was minimal potential for accumulation in a long-term
DRM. Carbon formation was insignificant after 10 hours of reaction, but the carbon
nanotubes (C-NTs), amorphous as well as whiskers, were visible on the spent Co/FSA,
as evidenced by the TGA and Raman data. As shown in Figure 6, the apparent inactivity of
Co/FSA during the early periods of the long-term reaction is caused by the steady and
structural carbon deposition and the lower sintering resistance. The catalyst is more
susceptible to inactivation if more graphitic carbon is generated [41,76,77].




13. The correlation between Thank you for your comment.

catalyst's physicochemical We have revised and provided more details about the correlation among properties and

properties and catalyst's activities

activities should be critically

analyzed and discussed. The activity of Ni/FSA was preferable over that of Co/FSA, which might be attributed to its | Page.15,16

YX@?]LS;?nglfh\élte&;:c%rl(lfr?tmes significant number of active sites via the mesoporous and microporous supplies by the
support's fibrous temple. In particular, the characterization results show that the thinner

performance of the catalyst? : L

It would be interesting if the crystallite o_f NiO is diffused homogen_eously across the FSA C(_)mpared to Co. Howeve_r, Co

author could provide a figure | nas shown in FESEM more accumulation onto the FAS than Ni, as well as the Co particles

of properties-activities having blocked the pores of the FSA the (Table. 2). This creates a tremendous contribution

correlation to evaluate their to increasing NiO engagement within the FSA and drastically enhancing the environmental

relationship. basicity of catalysts. As stated previously, the catalysts’ basicity assisted CO2 decomposition
and gasification while limiting CHs interactions with active sites, potentially minimizing
coke formation during the long-term activity[69,70].

Interestingly, FTIR results show that the existence of a synergic influence among
Nickle particles and fibrous silica-alumina mesostructures via the generation of Ni-O-Al and
Ni-O-Si bonds prevents the aggregation of metal. This coordinated impact shielded the
metallic Ni° phase during the reduction of the NiO crystalline phase through the Ha stream
before the reaction begging, thus increasing the re-efficiency of both gaseous reactants, CHa
and CO». The inferior catalytic efficacy of Co/FSA is probably attributed to the coke
forming and possibly sintering metals during the DRM process [68,71].
14, Numerous language Thank you for your comment.

deficiencies (poor language,
grammar, word choice, tense,
and style of writing) are
observed in the manuscript.
Please thoroughly revise your
manuscript with the help of a
native speaker or a language
editing service such as the
one from Elsevier or any
other agency of your choice.

We have proofread whole the manuscript
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that dry reforming of
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syngas generation. Why? beneficial raw materials [2].
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what is the role of oxygen | Thank you for your comment.
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catalyst
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carbon creation in a variety of methods, either by ; 1) using supports that have high oxygen
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Thus, the Ni/ FSA possesses high oxygen storage caused by the extraordinary surface area | Page.14

to which oxidizing the C to CO thereby forming intermediates carbonate species into
reductive basic supports reflected avoiding the coke formation [28].




Why were NiO crystallite
dispersion and sizes visible
across the support

Thank you for your comment we have more clarity.
We have revised and provided the details

framework? Was the This possibly is owing to the Ni/FSA catalyst possessing a greater capacity to disperse Page.15
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e The small Ni particles resist the coke aggregation

e The oxygen capacity of the supports inhibits coke formation

e Active sites in dendritic fibrous are easily accessible

e The catalytic activity is dependent on the metal-support interaction

e Carbon nanotubes influence the catalytic activity



Revised Manuscript (Changes Marked on Previous Version)

Methane dry reforming on fibrous silica-alumina employing nanocrystals of nickel and
cobalt to recognize the most efficient metal

AH.K. Owgi ®, A.A. Jalil 2 M.A.A. Aziz*®, W. Nabgan ¢, M. Alhassan ', M.H.M. Sofi

® N.S. Hassan ®, R. Saravanan ¢, M. B. Bahari °.

2 Centre of Hydrogen Energy, Institute of Future Energy, 81310 UTM Johor Bahru, Johor.
b Faculty of Chemical and Energy Engineering, Faculty of Engineering, Universiti
Teknologi Malaysia, 81310 UTM Johor Bahru, Johor, Malaysia.

Saveetha School of Engineering, Saveetha Institute of Medical and Technical Science,
Chennai 60210, India

d Departament d’Enginyeria Qu tmica, Universitat Rovira I Virgili, Av Pa’isos Catalans 26,
43007, Tarragona, Spain.

¢ Faculty of Engineering, Department of Mechanical Engineering, University of Tarapaca,
Avda, General Velasquez, 1775 Arica, Chile.

" Department of Chemistry, Sokoto State University, PMB 2134, Airport Road, Sokoto,

Nigeria

*To whom correspondence should be addressed,
Aishah Abdul Jalil (Ph.D.)
Tel: 60-7-5535581  Fax: 60-7-5536165

Email: aishahaj@utm.my



mailto:aishahaj@utm.my

Abbreviation.
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ABSTRACT

Presently, the production of syngas through the dry reforming of methane is a widely
employed approach for reducing vast amounts of greenhouse gas emissions. Several metals,
particularly transition metals support have been evaluated as active DRM catalyst systems. In
this work, a comparative studies is presented between Cobalt and Nickel metals impregnated
over fibrous silica-alumina (FSA) support synthesized by the hydrothermal method for dry
methane reforming. The specimens were characterized via FESEM mapping, TEM, XRD,
H2-TPR, XRF, N2 physisorption, and KBr-FTIR techniques. Unlike the Co/FSA, Ni/FSA
displayed a higher surface area with a fine dispersion of Ni nano-crystalline and less
agglomeration, and more active sites which enhanced the metal-support interaction.
Approximately 0.2g of each catalyst was evaluated at 650 - 800 °C with a respective.
CH4:CO2 N ratio of 1:1:2, gas hourly space velocity 30,000 mL g h. The Ni/FSA
demonstrated more conversion of CH4 (89%) over (67%) of Co/FSA at 800°C. After 10 h of
long-term reaction, the Ni/FSA exhibited more stability at 800 °C. TGA/DTA, Raman, and
TEM results showed that spent Ni/FSA catalysts did not demonstrate signs of considerable
nano-graphitic carbon or metal sintering as compared to Co/FSA catalysts, which had bigger
crystallites of Co. The finding of this study would add new knowledge on reaction conditions

involving and catalytic activities of the metals over the FSA.

Keywords: cobalt, nickel; carbon resistance; methane dry reforming; Fibrous silica-alumina.



1.0 Introduction

In recent years, there has been a great deal of interest in the dry reforming of methane,
which is the conversion of the major negative component of fossil fuel emissions, (CO- and
CHa), which is pose a serious environmental issue into synthesis gas with an H»/CO ratio of
unity, which is used to produce synthetic fuel [1-3]. This procedure is incredibly significant
to the environment as the GHGs utilized as gas sources are methane and carbon dioxide, all
of which are harmful greenhouse gases. It has been suggested that dry reforming of methane
(DRM) is a preferable option to producing syngas (H2/CO=1) since it can decrease CO>
emissions while producing beneficial raw materials [2]. To enhance DRM at the industrial
scale, three fundamental aspects must be addressed: (1) improved carbon dioxide and
methane activation; (2) the improved comprehension of the mechanisms and reaction
processes that create H, and CO; and (3) strategies to prevent deactivation of

catalyst operations [4,5].

In the Fischer-Tropsch synthesis, a feedstock gas combination containing a low
H2/CO ratio is preferred for the creation of hydrocarbon fuels [6-8]. To achieve appropriate
conversion levels, the endothermic aspect of the reaction necessitates a high reaction
temperature. Because of the considerable operational temperature, adequate catalysts are
required. The creation and build-up of carbonaceous deposits typically lead to the sintering of
metal particles followed by the deactivation of catalysts as a consequence of the excessive
temperature [9-13]. Recently, it is proven that noble metals including platinum, rhodium, and
ruthenium, as well as non-noble metals as transaction metals (Ni, Co, and Fe), are
employable as catalysts in dry reforming processes[9,10]. According to reports, noble metals
possess excellent catalytic activity and have insignificant coking potential. However, due to

their restricted variety and expensive cost, they are not widely used in the industrial sector.



Because of their cheaper cost and equivalent catalytic efficiency, non-noble metals such as

nickel and cobalt have attracted the curiosity of researchers [4,14-16].

Despite the great catalytic performance demonstrated by nickel-based catalysts, the
significant coking and swift inactivation prevent them from being used in industrial
applications. Cobalt catalysts for example, possess a considerable soot oxidation ability
which could be employed to increase the resistance of a catalytic process to carbon
production by reducing the coke formation. Nonetheless, cobalt catalysts exhibit a high

proclivity for re-oxidation, resulting in low performance [17-20].

The majority of the recent investigations in this area are primarily focused on
reducing carbon creation in a variety of methods, either by ; i) using supports that have high
oxygen ion mobility which may interact with adsorbed carbon species, such as SiO,, CeOa,
and ZrO2 solid solutions, as opposed to conventional supports[21-25]; ii) the employment of
additives such as potassium or sodium, which provide basic aspects to the surface
characteristics, despite the reality that they reduce the catalytic activity[26,27]. iii) modifying
the morphologies of support specifically bimodal, mesoporous, nanorods, core-shell, nano-
fibrate, and fibrous dendrimers [28-34]. The fabrication of incredibly multifunctional
supported metal catalysts by wide metal dispersion of nanoparticles is one of the crucial
options for heterogeneous catalytic systems that require research. Our prior research on the
successful growth of fibrous silica-alumina (FSA) via exceptional surface area and thermal
stability was the inspiration for this study [35]. In the present study, the FSA was investigated
for DRM and the performance of the metals (Ni and Co) loaded over FSA aiming at getting a

greater understanding of the metal's impact on catalytic efficiency and carbon formation.



2.0 Experimental

2.1  Catalyst Preparation

Fibrous silica-alumina support has been generated through the hydrothermal method
and Al203. Alumina nitrate (Sigma-Aldrich, > 98%) was combined into a homogenous
mixture of n-butanol (Merck, > 98%) and toluene (Sigma-Aldrich, > 98%). Afterward, the
solution was stirred for approximately 30 min prior to introducing TEOS (Merck, > 98%)
and was poured dropwise. Urea (Merck, > 98%), Cetrimonium bromide (CTAB- Sigma-
Aldrich, > 98%), and 0.75 L of deionized water were added to the mixture. Toluene/1-
butanol=13.8, urea/CTAB=3.8, and Si/Al=1.23 are the essential variables. While being
exposed to microwave radiation at 400 W for 360 min, the subject substance was vaporized at
120 °Cfor overnight evaporation. The white specimen was heated in a furnace for 360 min at

550 C to produce FSA support.

2.2  Loading Metals

To load metals onto FSA, a 5 wt% Co and Ni-impregnated solution of Co(NOz)2 and
Ni (NO3)2.6H20 were (% trace metals) used as purchased from Sigma-Aldrich. Bhd. They
dissolved in deionized water was deployed. Before getting impregnated, the specimens were
evaporatively dried and then calcined for three hours at 550 °C. Co/FSA and Ni/FSA were

the end products of this procedure.



2.2 Characterization

A Bruker D8 Advance diffraction pattern, Which was certified utilizing Cu K-ray
radiation at 1.54 wavelengths, was employed to conduct the XRD study on pristine and spent
samples. The determination is intended to generate X-ray diffractograms in the range of 1-
280° employing data at 0.05° and 0.1° at 46kV and 41mA. (FESEM; Zeiss Supra VP35) field
emission scanning electron microscopy was deployed to further analyze the structure of
samples. N2 adsorption-desorption through ASAP2020 apparatus was using an N2/He mixed
gas and a from Micromeritics to determine surface areas. 0.1- 0.15 g of the specimen were
refluxed at 200 °C for 240 min before the assessment, followed cooled to room temperature.
The BET technique was employed to calculate the total surface area. Additionally, Fourier-
transform infrared (FTIR) measurements were conducted on the materials using the Agilent
Technology Varian 670 apparatus at 30 °Cin the 400 to 4000 cm™ wavelength range. By
using a Rigaku Primus 2 apparatus and lithium tetraborate to treat the materials, the metal

percentage was evaluated using wavelength-dispersive X-ray fluorescence (XRF).

The carbon-containing aggregate structuring in the utilized catalysts was examined by
adopting 510nm lasers with a 50x magnified microscope mounted on a Renishaw via a
Raman spectrophotometer, The Raman spectra of the specimen were recorded around 1000
and 2200 cm™. A TGA/SDTA 851e Mettler Toledo thermo-gravimetric instrument with a
temperature range of 5-950 °Cand a heating rise of 10 °min with airflow has also been
employed to assess carbon deposits. Additionally, utilizing JEOL JEM-2100 F technology,
transmission electron microscopy (TEM) was conducted on the spent samples. All of the
materials were acetone-liquefied before being positioned on a copper gridiron that had a
penetrable carbon layer covering it. Temperatures of 100 to 1000°Cand an Hz/N2 flow rate

with a concentration of 10% were employed to investigate the reduced specimen (20 mL min

1).



2.3  Catalyst assessment

The DRM assessments were carried out on various catalysts using a series of
efficiency measurements at a temperature limitation of 500-850 °C through streaming the
gases in a fixed-bed reactor to identify the detrimental impacts of the metals on the long-
term catalyst performance. The catalysts were tested employing a stream running
continuously in a reactor at environmental pressure and a heat range of 500-850 °C. A
portion of the pelletized catalyst (2mg) was placed in a reactor, blocked by quartz wool.
Before the activity, the preload catalyst was initially treated with 15 mL min™* oxygen at 700
°C for 60 min, followed by 100 ml.min"* at 800 °C throughout 120 min of H2:N (50:50).
Then the reactor was cooled to a set temperature as a function of the impacts of N2. The
reactor was supplied with the mixture of gases CO2: CHa: N2 at 25:25:50 ml.min™ rate. To
continuously monitor and evaluate the surplus reactant and gas released, (Agilent 7890A GC)
a gas chromatograph set via a (1010 )column carboxy with a 0.1L collecting band with
thermal detecting was employed (TCD). Before a randomized choice was determined, 60
minutes were required for reaching the reaction equilibrium at the examined temperature.
Equations (1-7) were employed to estimate the rate of conversions and the ratio of syngas

(H2/CO) [9,36,37].
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3.0  Reflection on The Findings

3.1  Catalysts characterization

3.1.1 Characteristics of structure and morphology

1)

)

©)

(4)

()

(6)

()

Figure 1(A-C) displays FESEM micrographs including elements mapping of all

specimens demonstrating the particle dispersion of metal. Figures 1(A) depict the creation of
the fibrous silica-alumina structure's expected spherical bi-continuous concentric fibrillar
shape. NiO and CoO crystallite scattering and sizes were soft purple spots evident scattered
over the support structure. The particle sizes, as determined from the XRD spectra using the

Scherrer equation, are 11.7nm and 14.3nm for Ni and Co FSA catalysts respectively. For this

reason, the Co is less spread on the surface of the FSA than Ni/FSA [38]. The Co was

inadequately diffused on the fibrous silica-alumina (Fig. 1C), due to its limited pores as well
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as surface area, as shown by the lumps of Co on the surface of the FSA after impregnation.
This being the cause of rapid Co/ FSA inactivation during only short hours on the stream
cannot be outweighed. Because of the limited distribution of Co, there is a limited surface for
reaction and reduction, resulting in significant sintering due to tiny crystallite migration.
Consequently, the deactivation potential of the catalyst will be larger based on the amount of
carbon placed [5,12,39]. Moreover, Traces of cobalt and nickel were observed via catalysts
are 5.10% and 4.84% respectively by XRF analysis (in the Table.1), The amounts of Ni-
loading at 5% wt are consistent with the quantities employed during catalyst preparations,

and the identifying amounts of compounds utilized in this investigation are true.

Figure .2. displays the crystalline structures through the X-ray diffraction (XRD) for
the specimens FSA, Ni/FSA, and Co/FSA. All the samples demonstrated a broad 26 band
from 20 to 309, this is often attributed to the amorphous phase of SiO, (JCPDS card No. 29-
0085)[40,41]. Because of the existence of silica species during the fabrication of dendrimeric
silica fibres, the XRD pattern intensity diminished. The Ni and Co FSA catalysts both
exhibited nine prominent peaks at 20 value of 25.8°, 35.4°, 37.8°, 43.5°, 52.8°, 57.5°, 66.7°,
68.4°, and 77.1° identical tothe (01 2),(104),(110),(113),(024),(116),(214),(3
00), and (1 1 9) alumina crystalline planes via structures of rhombohedral (JCPDSICDD File

No 46-1212) for FSA sample [35,42].

Three diffraction peaks were seen for NiO via Ni/FSA at 20 = 62.9, 75.4, and 79.4°,
correlating to NiO planes (2 20), (2 2 2), and (3 1 1), respectively (JCPDS 78-0643). The
C0304, Co/FSA showed five peaks at 26 = 18.6, 31.3, 36.8, 44.8, and 59.4°, which
corresponded to (111), (220), (311), (400), and (511), respectively (JCPDS 42-1467)[43].
The diffraction peak intensity was found to be lower in Ni/FSA in comparison to Co/FSA. As
revealed by the FESEM studies; moreover, the nano-crystallite metals of NiO deposited on

FSA were uniformly distributed more than Coz04. Owing to the active site mobility
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obtainable through FSA, which enables NiO scattering, the possibility for NiO crystal
aggregation and the metal-support interaction is increased [44]. Moreover, the peaks of Ni-

Al20O4 appeared less higher than that of Co-Al.O4 indicating more crystallinity of Co over Ni
3.1.2 Textural properties

N2 adsorption-desorption analysis was used to investigate the textural properties of
the FSA, Ni/FSA, and Co/FSA. Figure.3 shows the N, adsorption-desorption isotherms
including pore size dispersion of the catalysts. Referring to the IUPAC categorization, the
catalyst isotherms displayed regular type IV adsorption phases at P/Po = 0.4, and 0.9,
indicating a mesoporous property [45,46]. The scattering of pore sizes overall catalysts is

illustrated in the figure.3 implementing (NLDFT) non-local density functional theory.

The FSA revealed a sharp peak in the 50-70 (A) range and a thin peak in the 100-200
(A) band for mesopore distribution. The high peak is due to the formation of mesopores
during surfactant self-assembly. However, the small peaks are owing to the spacing between
dendrimeric molecules. When Ni/FSA was compared to FSA, there was no substantial shift
in pore dispersion. This attests to a real dispersion of Ni dispersion confirmed by FESEM
(Fig. 1). However, the peak intensity of pore dispersion is decreased by adding Co. This
finding is linked to a decrease in the amount of adsorbed N2 in Co/FSA P/Po = 0.46-1.0,
indicating a decrease in micropores and interparticle voids mesopores[47]. In the present
study (Table.2), the FSA displayed (334.92 m? g 1) an extraordinary surface area, after
loading Ni, the surface area increased to 338.54 m? g * because there was more scattering of
active metal [48]. Moreover, increased Ni encasement over Ni/FSA indicates that dispersion
has been optimized. As seen in figure 1. However, when Co was added to the FSA, the

surface area and pore volume were reduced to 303.6 m? g * and 0.856 cm® g * respectively.
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With the addition of Co, the catalysts' surface area and pore volume diminished due to partial

pore blockage and/or pore filling.
3.1.3 Reducibility

TPR-H: of the calcined catalysts was performed to gain a deeper insight into the
evolution of the nickel and cobalt phases as shown in figure.4. This was useful in determining
the reduction degree of the Co and Ni oxide species. the solitary peak of Ni/FSA in the region
from 260 °C to 360 °C correlates to Ni species reduction [49,50]. This is most definitely
attributable to a reduction in narrower NiO nanoparticles or nickel aluminates as shown in the
XRD result [44,49]. A low degree of reduction peak might imply that the interaction of NiOx

species was slight with the exterior of FSA dendritic fibres.

There were two essential reduction stages in the Co/FSA catalyst's reduction studies.
The reduction peak centred close to 300-510 °C is assigned to free Co3O4 reduction.However,
this involved consecutive reductions to CoO and metallic Co, respectively. A unique peak
was identified between 560 and 770 °C showing the occurrence of considerable quantities of

CoAl204 obtained from the strong interaction between Co0304 and Al,O3 [12,17,43,51].
3.1.4 Spectroscopic Studies

FTIR spectroscopy with wavelengths between 400 and 4000 cm-1, assessed the
various construction heterogeneity of the (Co and Ni) supported FSA, as displyed in figure.5.
The most prominent peaks exhibited siliceous frames because Si interacted with various
atoms, (for instance, Si-O-Si, Si-OH, Si-O, Al-O-Al, and Si-O-Al) through the range 400
1300 cm. [52]. The wavenumbers of five peaks 1240, 1090, 960, 790, also 460 cm™* were
demonstrated in all specimens, indicative of Si-O-Si bond apparent within the range of 960-
1260 cm™ in all samples [53]. Similar, all catalysts in fig.5 demonstrated a peak at 3400 cm™

indicative of that O-H-stretching vibration due to water molecules, or Brgnsted acid sites
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which are dependent on hydrogen concentration [54,55]. As displayed by the same figure,
Ni/FSA possess a low-intensity peak at 3400 cm™ reflected in low Bransted acid sites.
Furthermore, asymmetric stretching peak attributed to Si-O-Si transverse-optical (TO) and
longitudinal-optical (LO) bands were apparent at approximately 1240 cm™ and 1090 cm?,
respectively [56-58]. The weak bands at 960 and 1640 cm™ were assigned to external groups
of Si-OH, whilst symmetric and asymmetric Al-O and Si-O stretch vibrations were
pronounce at 800 cm™ and 462 cm™, respectively [59]. Apart from stretching vibrations,
symmetrical and asymmetrical stretch attributable to Si-O-Al were reported by [60] 1090, 790
and 460 cm™ . The disappearance of these peaks upon the introduction of Ni and Co to FSA,
could imply that the Si—O-Si and Si-OH were partly replaced by Ni-O-Si, Co—O-Si, Ni-O,
and Co-O. In particular, the peak at 666 cm™ in the Co/FSA is attributable to Co-O
vibrations indicating the successful incorporation of Co onto the support [17,41].
Accordingly, substituting result of the O—H and O-Si with the Ni ions in the dendritic
fibrous FSA structure entails a greater reduction in peak density compared to the Co sample,

emphasizing that Ni had a more robust interaction with FSA support than the Co [61,62].

3.2  Activity Evaluation

Figure.6 shows the activity results of Ni/FSA and Co/FSA. Ni/FSA converted more
CHjs4 than Co/FSA under identical reaction conditions. Based on the fine Ni dispersion as seen
in the FESEM picture, Ni/FSA catalysts were more efficient than Co/FSA catalysts, which
enhanced the porosity and surface area, thereby providing a variety of active reaction sites
and mobility of reactant mass in the process. Additionally, textural characteristics have a
significant role in catalytic activity, as demonstrated by the FSA characteristics that supply

the active species required to prevent deactivation of the catalyst (surface area, pore size, and
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pore volume) [63]. Thus, owing to the extraordinary surface area of Ni/ FSA and possession
of high oxygen storage deposits of C are easily transformed to CO thereby forming
intermediates carbonate species into reductive basic supports reflected avoiding the coke

formation [28].

The Ni/FSA catalyst shows superior catalytic efficacy, with the sustained conversion
of CH4 and CO» exceeding 89 % and 80 %, respectively, at 800 °C, In comparison to Co/FSA
(XCHs=67%, XCO263%). Indeed, the tiny metal particles and superior metal diffusion will
lead to more edges and metal-support frameworks, resulting in more active sites.
Interestingly, the conversion of CHsand CO; at 700 were similar for the Ni/FSA and Co/FSA
catalysts, indicating the possibility that side reactions such as; methane decomposition

(CHs— C + 2H>) and the Boudouard reaction (2CO < C + CO3) have occurred [7,64].

To verify the successful Ni/FSA synthesis for DRM catalytic ability in comparison to
the Co/FSA at 800 °C prolonged performance for 10 hours, the stabilization assessments
were carried out as shown in fig.7 (A and B). Compared to Co/FSA (XCO2 = 17%, XCH4 =
21%), the FSA catalyst exhibits superior catalytic performance, with the stable CO>
conversion and CHas achieving 91 % and 96 %, respectively. The catalytic performance of
Co/FSA decreases during the second hour while on stream. This should be identified by the
poor Co dispersion within surface aggregation and increased acidity that causes coke deposit
and inactivation [28,51]. Moreover, the H2/CO ratio for Co/FSA is lesser than that of
Ni/FSA, achieving a ratio of 0.85 to 95 as depicted in Fig. 7C, which is appropriate for the
Fischer-Tropsch application to synthesize lipid long hydrocarbons chain. This possibly is
owing to the possibility of Ni/FSA to disperse oxygen species over the surface than Co/FSA
catalyst [18,19,63]. According to Fig. 8, the H> yield showed a different trend with
conversions, with Ni/FSA achieving the highest H> yields and Co/FSA achieving the lowest.

Meanwhile, the exception of CO selectivity that appeared to be caused by the Co/FSA
14



catalyst could be explained by the RWGS reaction (CO2 + H, —~CO + H20). where the H:
and CO selectivity of Ni/FSA were quite similar, which were 48% of S (CO) and 51% of S

(H2) [65,66].

Simultaneous secondary reactions that occurred throughout catalytic testing were
predictable. On the other hand, from the Ho/CO profiles as displayed in Fig. 7C, In actuality,
a rise in the ratio of syngas on Ni/FSA after 6 hours was driven by the concomitant
occurrence of CH4 decomposition (CHs —C + 2H32) and CO disproportionation (2CO «C +
CO»). These subsequent reactions neither simply influenced the syngas ratio, but also
produced carbonaceous species that were detrimental to catalytic activity. On the contrary, in
the first hours of the reaction, the syngas ratio was shown to drop for both specimens, which
was caused by the reverse water gas shift (RWGS) reaction to the decrease in syngas ratio.

and seem to improve with the favourability of thermodynamics [67,68].

The activity of Ni/FSA was preferable over that of Co/FSA, which might be attributed
to its significant number of active sites via the mesoporous and microporous supplies by the
support's fibrous temple. In particular, the characterization results show that the thinner
crystallite of NiO is diffused homogeneously across the FSA compared to Co. However, Co
has shown in FESEM more accumulation onto the FAS than Ni, as well as the Co particles
having blocked the pores of the FSA the (Table. 2). This creates a tremendous contribution to
increasing NiO engagement within the FSA and drastically enhancing the environmental
basicity of catalysts. As stated previously, the catalysts’ basicity assisted CO2 decomposition
and gasification while limiting CHs interactions with active sites, potentially minimizing coke

formation during the long-term activity[69,70].

Interestingly, FTIR results show that the existence of a synergic influence among

Nickle particles and fibrous silica-alumina mesostructures via the generation of Ni-O-Al and
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Ni-O-Si bonds prevents the aggregation of metal. This coordinated impact shielded the
metallic Ni° phase during the reduction of the NiO crystalline phase through the H, stream
before the reaction begging, thus increasing the re-efficiency of both gaseous reactants, CH4
and CO>. The inferior catalytic efficacy of Co/FSA is probably attributed to the coke forming

and possibly sintering metals during the DRM process [68,71].

3.3  Spent Characterization

During 10 hours of activation, the Raman spectra evidenced the distinct species of
carbon extent in Fig. 9. The sp2-bonded carbon deposit is responsible for two peaks: the
disorder-generated band (D-band) at 1350 cm™ and the graphite carbon band (G-band) at
1584 cm™ [38]. The G-to-D-band ratio (IG/ID) is a representation of the amount of carbon
placed, which evaluates the quantity of graphitization of coke deposits. Consequently, a
higher IG/ID ratio implies that graphitic carbon is being generated at an accelerated rate more
highly than amorphous carbon and inconsistently, increases the catalyst's susceptibility to
deactivation and complicates the renovation process [72]. The IG/ID ratios for Co/FSA and
Ni/FSA were 1.02 and 0.9, respectively, confirming both carbons, graphitic and amorphous,
were attended with both specimens. Raman spectra revealed that the Ni/FSA had the lowest
IG/ID ratio and narrowest band zones throughout Raman wavelengths. This indicates that a
small amount of carbon is deposited on Ni/FSA, while the maximum carbon achieves an
amorphous and disordered formation that has little potential for catalyst disruption. The
disordered carbon formations are mainly gasified throughout the DRM, preventing them from

accumulating and developing into a more stable carbon deposit.

Coke coatings on the catalyst surface were evaluated using the TGA and DTA
investigation, and the findings are displayed in Fig.10. The charts demonstrated the weight

portion loss caused by the used catalysts, the amount of carbon formed, and the volume of
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coke that might be replaced over the suppression mechanism of oxidation employing plenty
of Oz to form COz. For the Ni/FSA catalyst, the preliminary loss of weight happened at
approximately 85°C and progressed at 4%. This demonstrates the formation of amorphous
crbon, which is recognized to oxidize at lower temperatures compared to other carbons
deposits, on the catalyst surface [73]. Observations in ancient times have proven that the size
of the metal crystallization has a considerable impact on restricting carbon residue or elution,
as catalysts with minimal metal crystalline phases release fewer cokes [74]. Additionally, the
Raman and TGA analyses provided physical and quantifiable verification of the coke
generation. The ease of oxidation exhibited by amorphous carbon over graphitic one made its
impact after 10h on stream lesser [75]. On the contrary, the loss of weight particularly
evident in Co/FSA, with a maximum value of peak position appearing at about 600 °C
confirms the accumulation of exceptionally carbonaceous graphitic, which is challenging to
gasify on-site. This carbon type has responsible for the rapid deactivation of Co/FSA, as

shown by the stability evaluation (Fig. 7).

The DTG patterns can be subdivided into distinct peaks correspond to different types
of carbon and are classes dignifed by the symbols Cy, CB, and Ca [76]. The TGA profile was
utilized to differentiate varieties in (Fig. 10B). Amorphous carbon (Ca) is oxidized at
minimal temperatures to produce the syngas. Whereas, at extreme temperatures, Cy and C3
are oxidized, and those carbon sorts are actually involved in the mechanism of catalyst
performance. The mass loss of roughly 100°C recorded across all specimens is assigned to C,
whereas the minor peak at 550°C is related to CP, which is presumably formed by
polymerization and rearrangement of active carbon species. At approximately 650 C, the
weight losses were caused by crystalline carbon C, which is crucial for catalytic inactivation

[77,78].

17



After 10 hours time on stream, the catalysts had not morphologically deformed and
had sustained the FSA fibrosis (as shown in Fig.11). The Ni lattice fringes were discovered in
the assessed quadrat space with lattice spacings of 0.18, 0.25, and 0.2 nm for the Ni/FSA
specimen (Fig. 11B) and related to Ni (200), NiO (111), and AlzNi (301), respectively.
Moreover, the lattice area which correlated to the Coz04 (111), CoO (200), and Co (100) was
0.466, 0.213, and 0.208 nm, respectively in fig .11D. The lattice spacing of carbon interplanar
was nonexistent on Ni/FSA provided evidence that carbon-graphite prevention was observed.
Only on Co/FSA could different lattice fringes be seen that were related to carbon graphite

and nanotubes with different levels of graphitization (Fig. 9D).

The formation of amorphous carbon disordered around the Ni nanoparticles is
depicted (Fig.11A). The reaction indicated rapid gasification through oxygen vacancy to
generate excess CO with no deactivation by coking. Consequently, it had minimal potential
for accumulation in a long-term activity. Although the coke formation was insignificant after
10 hours of reaction, but the carbon nanotubes (C-NTs), whiskers, as well as amorphous coke
species were visible on the spent Co/FSA, as evidenced by the TGA and Raman data. As
shown in Figure 6, the apparent inactivity of Co/FSA during the early periods of the long-
term reaction could be caused by the steady and structural carbon deposition and its lower
sintering resistance as catalysts are more prone to inactivation if apprecible graphitic carbon

is generated [41,79,80].

4.0 Conclusion

To conclude, fibrous silica-alumina (FSA) has been synthesized through the
hydrothermal method with various loading metals by the impregnation method. In the KBr-
FTIR and H>-TPR investigations, the appearance of the degree of metal interactions was

conditional on metal dispersion attributed to metal crystallite size on the support surface.
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Accordingly, Ni/FSA generated superlative function in the DRM reaction across a
temperature range of 500-850 °C and extraordinary stability over 10 h it due to its a large
surface area (338.56 m?/g), fine size dispersion of Ni, and strong metal-support interaction, as
well as strong resistance to sintering by restricting Ni atoms or crystallite movements on the
support. However, Co/FSA had a bigger crystallinite size, which affects the metal-support
interaction reflected in the performance of the catalyst. The Ni/FSA catalyst serves as a coke
inhibitor and a disordered amorphous phase with no effect on the catalyst stability. These
characteristics are the vital causes for Ni/FSA catalyst's superior efficiency to Co/FSA
synthesized via wet impregnation. As documented, the conversion of CH4 was 97.5% for

Ni/FSA, while it dramatically dropped to 20.63% for Co/FSA
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ABSTRACT

Presently, the production of syngas through the dry reforming of methane is a widely
employed approach for reducing vast amounts of greenhouse gas emissions. Several metals,
particularly transition metals support have been evaluated as active DRM catalyst systems. In
this work, a comparative studies is presented between Cobalt and Nickel metals impregnated
over fibrous silica-alumina (FSA) support synthesized by the hydrothermal method for dry
methane reforming. The specimens were characterized via FESEM mapping, TEM, XRD,
H2-TPR, XRF, N2 physisorption, and KBr-FTIR techniques. Unlike the Co/FSA, Ni/FSA
displayed a higher surface area with a fine dispersion of Ni nano-crystalline and less
agglomeration, and more active sites which enhanced the metal-support interaction.
Approximately 0.2g of each catalyst was evaluated at 650 - 800 °C with a respective.
CH4:CO2 N ratio of 1:1:2, gas hourly space velocity 30,000 mL g h. The Ni/FSA
demonstrated more conversion of CH4 (89%) over (67%) of Co/FSA at 800°C. After 10 h of
long-term reaction, the Ni/FSA exhibited more stability at 800 °C. TGA/DTA, Raman, and
TEM results showed that spent Ni/FSA catalysts did not demonstrate signs of considerable
nano-graphitic carbon or metal sintering as compared to Co/FSA catalysts, which had bigger
crystallites of Co. The finding of this study would add new knowledge on reaction conditions

involving and catalytic activities of the metals over the FSA.

Keywords: cobalt, nickel; carbon resistance; methane dry reforming; Fibrous silica-alumina.
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1.0 Introduction

In recent years, there has been a great deal of interest in the dry reforming of methane,
which is the conversion of the major negative component of fossil fuel emissions, (CO- and
CHa), which is pose a serious environmental issue into synthesis gas with an H»/CO ratio of
unity, which is used to produce synthetic fuel [1-3]. This procedure is incredibly significant
to the environment as the GHGs utilized as gas sources are methane and carbon dioxide, all
of which are harmful greenhouse gases. It has been suggested that dry reforming of methane
(DRM) is a preferable option to producing syngas (H2/CO=1) since it can decrease CO>
emissions while producing beneficial raw materials [2]. To enhance DRM at the industrial
scale, three fundamental aspects must be addressed: (1) improved carbon dioxide and
methane activation; (2) the improved comprehension of the mechanisms and reaction
processes that create H, and CO; and (3) strategies to prevent deactivation of

catalyst operations [4,5].

In the Fischer-Tropsch synthesis, a feedstock gas combination containing a low
H2/CO ratio is preferred for the creation of hydrocarbon fuels [6-8]. To achieve appropriate
conversion levels, the endothermic aspect of the reaction necessitates a high reaction
temperature. Because of the considerable operational temperature, adequate catalysts are
required. The creation and build-up of carbonaceous deposits typically lead to the sintering of
metal particles followed by the deactivation of catalysts as a consequence of the excessive
temperature [9-13]. Recently, it is proven that noble metals including platinum, rhodium, and
ruthenium, as well as non-noble metals as transaction metals (Ni, Co, and Fe), are
employable as catalysts in dry reforming processes[9,10]. According to reports, noble metals
possess excellent catalytic activity and have insignificant coking potential. However, due to

their restricted variety and expensive cost, they are not widely used in the industrial sector.
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Because of their cheaper cost and equivalent catalytic efficiency, non-noble metals such as

nickel and cobalt have attracted the curiosity of researchers [4,14-16].

Despite the great catalytic performance demonstrated by nickel-based catalysts, the
significant coking and swift inactivation prevent them from being used in industrial
applications. Cobalt catalysts for example, possess a considerable soot oxidation ability
which could be employed to increase the resistance of a catalytic process to carbon
production by reducing the coke formation. Nonetheless, cobalt catalysts exhibit a high

proclivity for re-oxidation, resulting in low performance [17-20].

The majority of the recent investigations in this area are primarily focused on
reducing carbon creation in a variety of methods, either by ; i) using supports that have high
oxygen ion mobility which may interact with adsorbed carbon species, such as SiO,, CeOa,
and ZrO2 solid solutions, as opposed to conventional supports[21-25]; ii) the employment of
additives such as potassium or sodium, which provide basic aspects to the surface
characteristics, despite the reality that they reduce the catalytic activity[26,27]. iii) modifying
the morphologies of support specifically bimodal, mesoporous, nanorods, core-shell, nano-
fibrate, and fibrous dendrimers [28-34]. The fabrication of incredibly multifunctional
supported metal catalysts by wide metal dispersion of nanoparticles is one of the crucial
options for heterogeneous catalytic systems that require research. Our prior research on the
successful growth of fibrous silica-alumina (FSA) via exceptional surface area and thermal
stability was the inspiration for this study [35]. In the present study, the FSA was investigated
for DRM and the performance of the metals (Ni and Co) loaded over FSA aiming at getting a

greater understanding of the metal's impact on catalytic efficiency and carbon formation.
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2.0 Experimental

2.1  Catalyst Preparation

Fibrous silica-alumina support has been generated through the hydrothermal method
and Al203. Alumina nitrate (Sigma-Aldrich, > 98%) was combined into a homogenous
mixture of n-butanol (Merck, > 98%) and toluene (Sigma-Aldrich, > 98%). Afterward, the
solution was stirred for approximately 30 min prior to introducing TEOS (Merck, > 98%)
and was poured dropwise. Urea (Merck, > 98%), Cetrimonium bromide (CTAB- Sigma-
Aldrich, > 98%), and 0.75 L of deionized water were added to the mixture. Toluene/1-
butanol=13.8, urea/CTAB=3.8, and Si/Al=1.23 are the essential variables. While being
exposed to microwave radiation at 400 W for 360 min, the subject substance was vaporized at
120 °Cfor overnight evaporation. The white specimen was heated in a furnace for 360 min at

550 C to produce FSA support.

2.2  Loading Metals

To load metals onto FSA, a 5 wt% Co and Ni-impregnated solution of Co(NOz)2 and
Ni (NO3)2.6H20 were (% trace metals) used as purchased from Sigma-Aldrich. Bhd. They
dissolved in deionized water was deployed. Before getting impregnated, the specimens were
evaporatively dried and then calcined for three hours at 550 °C. Co/FSA and Ni/FSA were

the end products of this procedure.
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2.2 Characterization

A Bruker D8 Advance diffraction pattern, Which was certified utilizing Cu K-ray
radiation at 1.54 wavelengths, was employed to conduct the XRD study on pristine and spent
samples. The determination is intended to generate X-ray diffractograms in the range of 1-
280° employing data at 0.05° and 0.1° at 46kV and 41mA. (FESEM; Zeiss Supra VP35) field
emission scanning electron microscopy was deployed to further analyze the structure of
samples. N2 adsorption-desorption through ASAP2020 apparatus was using an N2/He mixed
gas and a from Micromeritics to determine surface areas. 0.1- 0.15 g of the specimen were
refluxed at 200 °C for 240 min before the assessment, followed cooled to room temperature.
The BET technique was employed to calculate the total surface area. Additionally, Fourier-
transform infrared (FTIR) measurements were conducted on the materials using the Agilent
Technology Varian 670 apparatus at 30 °Cin the 400 to 4000 cm™ wavelength range. By
using a Rigaku Primus 2 apparatus and lithium tetraborate to treat the materials, the metal

percentage was evaluated using wavelength-dispersive X-ray fluorescence (XRF).

The carbon-containing aggregate structuring in the utilized catalysts was examined by
adopting 510nm lasers with a 50x magnified microscope mounted on a Renishaw via a
Raman spectrophotometer, The Raman spectra of the specimen were recorded around 1000
and 2200 cm™. A TGA/SDTA 851e Mettler Toledo thermo-gravimetric instrument with a
temperature range of 5-950 °Cand a heating rise of 10 °min with airflow has also been
employed to assess carbon deposits. Additionally, utilizing JEOL JEM-2100 F technology,
transmission electron microscopy (TEM) was conducted on the spent samples. All of the
materials were acetone-liquefied before being positioned on a copper gridiron that had a
penetrable carbon layer covering it. Temperatures of 100 to 1000°Cand an Hz/N2 flow rate

with a concentration of 10% were employed to investigate the reduced specimen (20 mL min

1).
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2.3  Catalyst assessment

The DRM assessments were carried out on various catalysts using a series of
efficiency measurements at a temperature limitation of 500-850 °C through streaming the
gases in a fixed-bed reactor to identify the detrimental impacts of the metals on the long-
term catalyst performance. The catalysts were tested employing a stream running
continuously in a reactor at environmental pressure and a heat range of 500-850 °C. A
portion of the pelletized catalyst (2mg) was placed in a reactor, blocked by quartz wool.
Before the activity, the preload catalyst was initially treated with 15 mL min™* oxygen at 700
°C for 60 min, followed by 100 ml.min"* at 800 °C throughout 120 min of H2:N (50:50).
Then the reactor was cooled to a set temperature as a function of the impacts of N2. The
reactor was supplied with the mixture of gases CO2: CHa: N2 at 25:25:50 ml.min™ rate. To
continuously monitor and evaluate the surplus reactant and gas released, (Agilent 7890A GC)
a gas chromatograph set via a (1010 )column carboxy with a 0.1L collecting band with
thermal detecting was employed (TCD). Before a randomized choice was determined, 60
minutes were required for reaching the reaction equilibrium at the examined temperature.
Equations (1-7) were employed to estimate the rate of conversions and the ratio of syngas

(H2/CO) [9,36,37].
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3.0  Reflection on The Findings

3.1  Catalysts characterization

3.1.1 Characteristics of structure and morphology

1)

)

©)

(4)

()

(6)

()

Figure 1(A-C) displays FESEM micrographs including elements mapping of all

specimens demonstrating the particle dispersion of metal. Figures 1(A) depict the creation of
the fibrous silica-alumina structure's expected spherical bi-continuous concentric fibrillar
shape. NiO and CoO crystallite scattering and sizes were soft purple spots evident scattered
over the support structure. The particle sizes, as determined from the XRD spectra using the

Scherrer equation, are 11.7nm and 14.3nm for Ni and Co FSA catalysts respectively. For this

reason, the Co is less spread on the surface of the FSA than Ni/FSA [38]. The Co was

inadequately diffused on the fibrous silica-alumina (Fig. 1C), due to its limited pores as well

9
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as surface area, as shown by the lumps of Co on the surface of the FSA after impregnation.
This being the cause of rapid Co/ FSA inactivation during only short hours on the stream
cannot be outweighed. Because of the limited distribution of Co, there is a limited surface for
reaction and reduction, resulting in significant sintering due to tiny crystallite migration.
Consequently, the deactivation potential of the catalyst will be larger based on the amount of
carbon placed [5,12,39]. Moreover, Traces of cobalt and nickel were observed via catalysts
are 5.10% and 4.84% respectively by XRF analysis (in the Table.1), The amounts of Ni-
loading at 5% wt are consistent with the quantities employed during catalyst preparations,

and the identifying amounts of compounds utilized in this investigation are true.

Figure .2. displays the crystalline structures through the X-ray diffraction (XRD) for
the specimens FSA, Ni/FSA, and Co/FSA. All the samples demonstrated a broad 26 band
from 20 to 309, this is often attributed to the amorphous phase of SiO, (JCPDS card No. 29-
0085)[40,41]. Because of the existence of silica species during the fabrication of dendrimeric
silica fibres, the XRD pattern intensity diminished. The Ni and Co FSA catalysts both
exhibited nine prominent peaks at 20 value of 25.8°, 35.4°, 37.8°, 43.5°, 52.8°, 57.5°, 66.7°,
68.4°, and 77.1° identical tothe (01 2),(104),(110),(113),(024),(116),(214),(3
00), and (1 1 9) alumina crystalline planes via structures of rhombohedral (JCPDSICDD File

No 46-1212) for FSA sample [35,42].

Three diffraction peaks were seen for NiO via Ni/FSA at 20 = 62.9, 75.4, and 79.4°,
correlating to NiO planes (2 20), (2 2 2), and (3 1 1), respectively (JCPDS 78-0643). The
C0304, Co/FSA showed five peaks at 26 = 18.6, 31.3, 36.8, 44.8, and 59.4°, which
corresponded to (111), (220), (311), (400), and (511), respectively (JCPDS 42-1467)[43].
The diffraction peak intensity was found to be lower in Ni/FSA in comparison to Co/FSA. As
revealed by the FESEM studies; moreover, the nano-crystallite metals of NiO deposited on

FSA were uniformly distributed more than Coz04. Owing to the active site mobility
10
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obtainable through FSA, which enables NiO scattering, the possibility for NiO crystal
aggregation and the metal-support interaction is increased [44]. Moreover, the peaks of Ni-

Al20O4 appeared less higher than that of Co-Al.O4 indicating more crystallinity of Co over Ni
3.1.2 Textural properties

N2 adsorption-desorption analysis was used to investigate the textural properties of
the FSA, Ni/FSA, and Co/FSA. Figure.3 shows the N, adsorption-desorption isotherms
including pore size dispersion of the catalysts. Referring to the IUPAC categorization, the
catalyst isotherms displayed regular type IV adsorption phases at P/Po = 0.4, and 0.9,
indicating a mesoporous property [45,46]. The scattering of pore sizes overall catalysts is

illustrated in the figure.3 implementing (NLDFT) non-local density functional theory.

The FSA revealed a sharp peak in the 50-70 (A) range and a thin peak in the 100-200
(A) band for mesopore distribution. The high peak is due to the formation of mesopores
during surfactant self-assembly. However, the small peaks are owing to the spacing between
dendrimeric molecules. When Ni/FSA was compared to FSA, there was no substantial shift
in pore dispersion. This attests to a real dispersion of Ni dispersion confirmed by FESEM
(Fig. 1). However, the peak intensity of pore dispersion is decreased by adding Co. This
finding is linked to a decrease in the amount of adsorbed N2 in Co/FSA P/Po = 0.46-1.0,
indicating a decrease in micropores and interparticle voids mesopores[47]. In the present
study (Table.2), the FSA displayed (334.92 m? g 1) an extraordinary surface area, after
loading Ni, the surface area increased to 338.54 m? g * because there was more scattering of
active metal [48]. Moreover, increased Ni encasement over Ni/FSA indicates that dispersion
has been optimized. As seen in figure 1. However, when Co was added to the FSA, the

surface area and pore volume were reduced to 303.6 m? g * and 0.856 cm® g * respectively.

11
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With the addition of Co, the catalysts' surface area and pore volume diminished due to partial

pore blockage and/or pore filling.
3.1.3 Reducibility

TPR-H: of the calcined catalysts was performed to gain a deeper insight into the
evolution of the nickel and cobalt phases as shown in figure.4. This was useful in determining
the reduction degree of the Co and Ni oxide species. the solitary peak of Ni/FSA in the region
from 260 °C to 360 °C correlates to Ni species reduction [49,50]. This is most definitely
attributable to a reduction in narrower NiO nanoparticles or nickel aluminates as shown in the
XRD result [44,49]. A low degree of reduction peak might imply that the interaction of NiOx

species was slight with the exterior of FSA dendritic fibres.

There were two essential reduction stages in the Co/FSA catalyst's reduction studies.
The reduction peak centred close to 300-510 °C is assigned to free Co3O4 reduction.However,
this involved consecutive reductions to CoO and metallic Co, respectively. A unique peak
was identified between 560 and 770 °C showing the occurrence of considerable quantities of

CoAl204 obtained from the strong interaction between Co0304 and Al,O3 [12,17,43,51].
3.1.4 Spectroscopic Studies

FTIR spectroscopy with wavelengths between 400 and 4000 cm-1, assessed the
various construction heterogeneity of the (Co and Ni) supported FSA, as displyed in figure.5.
The most prominent peaks exhibited siliceous frames because Si interacted with various
atoms, (for instance, Si-O-Si, Si-OH, Si-O, Al-O-Al, and Si-O-Al) through the range 400
1300 cm. [52]. The wavenumbers of five peaks 1240, 1090, 960, 790, also 460 cm™* were
demonstrated in all specimens, indicative of Si-O-Si bond apparent within the range of 960-
1260 cm™ in all samples [53]. Similar, all catalysts in fig.5 demonstrated a peak at 3400 cm™

indicative of that O-H-stretching vibration due to water molecules, or Brgnsted acid sites
12
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which are dependent on hydrogen concentration [54,55]. As displayed by the same figure,
Ni/FSA possess a low-intensity peak at 3400 cm™ reflected in low Bransted acid sites.
Furthermore, asymmetric stretching peak attributed to Si-O-Si transverse-optical (TO) and
longitudinal-optical (LO) bands were apparent at approximately 1240 cm™ and 1090 cm?,
respectively [56-58]. The weak bands at 960 and 1640 cm™ were assigned to external groups
of Si-OH, whilst symmetric and asymmetric Al-O and Si-O stretch vibrations were
pronounce at 800 cm™ and 462 cm™, respectively [59]. Apart from stretching vibrations,
symmetrical and asymmetrical stretch attributable to Si-O-Al were reported by [60] 1090, 790
and 460 cm™ . The disappearance of these peaks upon the introduction of Ni and Co to FSA,
could imply that the Si—O-Si and Si-OH were partly replaced by Ni-O-Si, Co—O-Si, Ni-O,
and Co-O. In particular, the peak at 666 cm™ in the Co/FSA is attributable to Co-O
vibrations indicating the successful incorporation of Co onto the support [17,41].
Accordingly, substituting result of the O—H and O-Si with the Ni ions in the dendritic
fibrous FSA structure entails a greater reduction in peak density compared to the Co sample,

emphasizing that Ni had a more robust interaction with FSA support than the Co [61,62].

3.2  Activity Evaluation

Figure.6 shows the activity results of Ni/FSA and Co/FSA. Ni/FSA converted more
CHjs4 than Co/FSA under identical reaction conditions. Based on the fine Ni dispersion as seen
in the FESEM picture, Ni/FSA catalysts were more efficient than Co/FSA catalysts, which
enhanced the porosity and surface area, thereby providing a variety of active reaction sites
and mobility of reactant mass in the process. Additionally, textural characteristics have a
significant role in catalytic activity, as demonstrated by the FSA characteristics that supply

the active species required to prevent deactivation of the catalyst (surface area, pore size, and

13
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pore volume) [63]. Thus, owing to the extraordinary surface area of Ni/ FSA and possession
of high oxygen storage deposits of C are easily transformed to CO thereby forming
intermediates carbonate species into reductive basic supports reflected avoiding the coke

formation [28].

The Ni/FSA catalyst shows superior catalytic efficacy, with the sustained conversion
of CH4 and CO» exceeding 89 % and 80 %, respectively, at 800 °C, In comparison to Co/FSA
(XCHs=67%, XCO263%). Indeed, the tiny metal particles and superior metal diffusion will
lead to more edges and metal-support frameworks, resulting in more active sites.
Interestingly, the conversion of CHsand CO; at 700 were similar for the Ni/FSA and Co/FSA
catalysts, indicating the possibility that side reactions such as; methane decomposition

(CHs— C + 2H>) and the Boudouard reaction (2CO < C + CO3) have occurred [7,64].

To verify the successful Ni/FSA synthesis for DRM catalytic ability in comparison to
the Co/FSA at 800 °C prolonged performance for 10 hours, the stabilization assessments
were carried out as shown in fig.7 (A and B). Compared to Co/FSA (XCO2 = 17%, XCH4 =
21%), the FSA catalyst exhibits superior catalytic performance, with the stable CO>
conversion and CHas achieving 91 % and 96 %, respectively. The catalytic performance of
Co/FSA decreases during the second hour while on stream. This should be identified by the
poor Co dispersion within surface aggregation and increased acidity that causes coke deposit
and inactivation [28,51]. Moreover, the H2/CO ratio for Co/FSA is lesser than that of
Ni/FSA, achieving a ratio of 0.85 to 95 as depicted in Fig. 7C, which is appropriate for the
Fischer-Tropsch application to synthesize lipid long hydrocarbons chain. This possibly is
owing to the possibility of Ni/FSA to disperse oxygen species over the surface than Co/FSA
catalyst [18,19,63]. According to Fig. 8, the H> yield showed a different trend with
conversions, with Ni/FSA achieving the highest H> yields and Co/FSA achieving the lowest.

Meanwhile, the exception of CO selectivity that appeared to be caused by the Co/FSA
14
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catalyst could be explained by the RWGS reaction (CO2 + H, —~CO + H20). where the H:
and CO selectivity of Ni/FSA were quite similar, which were 48% of S (CO) and 51% of S

(H2) [65,66].

Simultaneous secondary reactions that occurred throughout catalytic testing were
predictable. On the other hand, from the Ho/CO profiles as displayed in Fig. 7C, In actuality,
a rise in the ratio of syngas on Ni/FSA after 6 hours was driven by the concomitant
occurrence of CH4 decomposition (CHs —C + 2H32) and CO disproportionation (2CO «C +
CO»). These subsequent reactions neither simply influenced the syngas ratio, but also
produced carbonaceous species that were detrimental to catalytic activity. On the contrary, in
the first hours of the reaction, the syngas ratio was shown to drop for both specimens, which
was caused by the reverse water gas shift (RWGS) reaction to the decrease in syngas ratio.

and seem to improve with the favourability of thermodynamics [67,68].

The activity of Ni/FSA was preferable over that of Co/FSA, which might be attributed
to its significant number of active sites via the mesoporous and microporous supplies by the
support's fibrous temple. In particular, the characterization results show that the thinner
crystallite of NiO is diffused homogeneously across the FSA compared to Co. However, Co
has shown in FESEM more accumulation onto the FAS than Ni, as well as the Co particles
having blocked the pores of the FSA the (Table. 2). This creates a tremendous contribution to
increasing NiO engagement within the FSA and drastically enhancing the environmental
basicity of catalysts. As stated previously, the catalysts’ basicity assisted CO2 decomposition
and gasification while limiting CHs interactions with active sites, potentially minimizing coke

formation during the long-term activity[69,70].

Interestingly, FTIR results show that the existence of a synergic influence among

Nickle particles and fibrous silica-alumina mesostructures via the generation of Ni-O-Al and
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Ni-O-Si bonds prevents the aggregation of metal. This coordinated impact shielded the
metallic Ni° phase during the reduction of the NiO crystalline phase through the H, stream
before the reaction begging, thus increasing the re-efficiency of both gaseous reactants, CH4
and CO>. The inferior catalytic efficacy of Co/FSA is probably attributed to the coke forming

and possibly sintering metals during the DRM process [68,71].

3.3  Spent Characterization

During 10 hours of activation, the Raman spectra evidenced the distinct species of
carbon extent in Fig. 9. The sp2-bonded carbon deposit is responsible for two peaks: the
disorder-generated band (D-band) at 1350 cm™ and the graphite carbon band (G-band) at
1584 cm™ [38]. The G-to-D-band ratio (IG/ID) is a representation of the amount of carbon
placed, which evaluates the quantity of graphitization of coke deposits. Consequently, a
higher IG/ID ratio implies that graphitic carbon is being generated at an accelerated rate more
highly than amorphous carbon and inconsistently, increases the catalyst's susceptibility to
deactivation and complicates the renovation process [72]. The IG/ID ratios for Co/FSA and
Ni/FSA were 1.02 and 0.9, respectively, confirming both carbons, graphitic and amorphous,
were attended with both specimens. Raman spectra revealed that the Ni/FSA had the lowest
IG/ID ratio and narrowest band zones throughout Raman wavelengths. This indicates that a
small amount of carbon is deposited on Ni/FSA, while the maximum carbon achieves an
amorphous and disordered formation that has little potential for catalyst disruption. The
disordered carbon formations are mainly gasified throughout the DRM, preventing them from

accumulating and developing into a more stable carbon deposit.

Coke coatings on the catalyst surface were evaluated using the TGA and DTA
investigation, and the findings are displayed in Fig.10. The charts demonstrated the weight

portion loss caused by the used catalysts, the amount of carbon formed, and the volume of
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coke that might be replaced over the suppression mechanism of oxidation employing plenty
of Oz to form COz. For the Ni/FSA catalyst, the preliminary loss of weight happened at
approximately 85°C and progressed at 4%. This demonstrates the formation of amorphous
crbon, which is recognized to oxidize at lower temperatures compared to other carbons
deposits, on the catalyst surface [73]. Observations in ancient times have proven that the size
of the metal crystallization has a considerable impact on restricting carbon residue or elution,
as catalysts with minimal metal crystalline phases release fewer cokes [74]. Additionally, the
Raman and TGA analyses provided physical and quantifiable verification of the coke
generation. The ease of oxidation exhibited by amorphous carbon over graphitic one made its
impact after 10h on stream lesser [75]. On the contrary, the loss of weight particularly
evident in Co/FSA, with a maximum value of peak position appearing at about 600 °C
confirms the accumulation of exceptionally carbonaceous graphitic, which is challenging to
gasify on-site. This carbon type has responsible for the rapid deactivation of Co/FSA, as

shown by the stability evaluation (Fig. 7).

The DTG patterns can be subdivided into distinct peaks correspond to different types
of carbon and are classes dignifed by the symbols Cy, CB, and Ca [76]. The TGA profile was
utilized to differentiate varieties in (Fig. 10B). Amorphous carbon (Ca) is oxidized at
minimal temperatures to produce the syngas. Whereas, at extreme temperatures, Cy and C3
are oxidized, and those carbon sorts are actually involved in the mechanism of catalyst
performance. The mass loss of roughly 100°C recorded across all specimens is assigned to C,
whereas the minor peak at 550°C is related to CP, which is presumably formed by
polymerization and rearrangement of active carbon species. At approximately 650 C, the
weight losses were caused by crystalline carbon C, which is crucial for catalytic inactivation

[77,78].
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After 10 hours time on stream, the catalysts had not morphologically deformed and
had sustained the FSA fibrosis (as shown in Fig.11). The Ni lattice fringes were discovered in
the assessed quadrat space with lattice spacings of 0.18, 0.25, and 0.2 nm for the Ni/FSA
specimen (Fig. 11B) and related to Ni (200), NiO (111), and AlzNi (301), respectively.
Moreover, the lattice area which correlated to the Coz04 (111), CoO (200), and Co (100) was
0.466, 0.213, and 0.208 nm, respectively in fig .11D. The lattice spacing of carbon interplanar
was nonexistent on Ni/FSA provided evidence that carbon-graphite prevention was observed.
Only on Co/FSA could different lattice fringes be seen that were related to carbon graphite

and nanotubes with different levels of graphitization (Fig. 9D).

The formation of amorphous carbon disordered around the Ni nanoparticles is
depicted (Fig.11A). The reaction indicated rapid gasification through oxygen vacancy to
generate excess CO with no deactivation by coking. Consequently, it had minimal potential
for accumulation in a long-term activity. Although the coke formation was insignificant after
10 hours of reaction, but the carbon nanotubes (C-NTs), whiskers, as well as amorphous coke
species were visible on the spent Co/FSA, as evidenced by the TGA and Raman data. As
shown in Figure 6, the apparent inactivity of Co/FSA during the early periods of the long-
term reaction could be caused by the steady and structural carbon deposition and its lower
sintering resistance as catalysts are more prone to inactivation if apprecible graphitic carbon

is generated [41,79,80].

4.0 Conclusion

To conclude, fibrous silica-alumina (FSA) has been synthesized through the
hydrothermal method with various loading metals by the impregnation method. In the KBr-
FTIR and H>-TPR investigations, the appearance of the degree of metal interactions was

conditional on metal dispersion attributed to metal crystallite size on the support surface.
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Accordingly, Ni/FSA generated superlative function in the DRM reaction across a
temperature range of 500-850 °C and extraordinary stability over 10 h it due to its a large
surface area (338.56 m?/g), fine size dispersion of Ni, and strong metal-support interaction, as
well as strong resistance to sintering by restricting Ni atoms or crystallite movements on the
support. However, Co/FSA had a bigger crystallinite size, which affects the metal-support
interaction reflected in the performance of the catalyst. The Ni/FSA catalyst serves as a coke
inhibitor and a disordered amorphous phase with no effect on the catalyst stability. These
characteristics are the vital causes for Ni/FSA catalyst's superior efficiency to Co/FSA
synthesized via wet impregnation. As documented, the conversion of CH4 was 97.5% for

Ni/FSA, while it dramatically dropped to 20.63% for Co/FSA
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ABSTRACT

Presently, the production of syngas through the dry reforming of methane is a widely
employed approach for reducing vast amounts of greenhouse gas emissions. Several metals,
particularly transition metals support have been evaluated as active DRM catalyst systems. In
this work, a comparative studies is presented between Cobalt and Nickel metals impregnated
over fibrous silica-alumina (FSA) support synthesized by the hydrothermal method for dry
methane reforming. The specimens were characterized via FESEM mapping, TEM, XRD,
H>-TPR, XRF, N2 physisorption, and KBr-FTIR techniques. Unlike the Co/FSA, Ni/FSA
displayed a higher surface area with a fine dispersion of Ni nano-crystalline and less
agglomeration, and more active sites which enhanced the metal-support interaction.
Approximately 0.2g of each catalyst was evaluated at 650 - 800 °C with a respective.
CH4:CO2: N ratio of 1:1:2, gas hourly space velocity 30,000 mL g h. The Ni/FSA
demonstrated more conversion of CH4 (89%) over (67%) of Co/FSA at 800°C. After 10 h of
long-term reaction, the Ni/FSA exhibited more stability at 800 °C. TGA/DTA, Raman, and
TEM results showed that spent Ni/FSA catalysts did not demonstrate signs of considerable
nano-graphitic carbon or metal sintering as compared to Co/FSA catalysts, which had bigger
crystallites of Co. The finding of this study would add new knowledge on reaction conditions

involving and catalytic activities of the metals over the FSA.

Keywords: cobalt, nickel; carbon resistance; methane dry reforming; Fibrous silica-alumina.



1.0 Introduction

In recent years, there has been a great deal of interest in the dry reforming of methane,
which is the conversion of the major negative component of fossil fuel emissions, (CO- and
CHoa), which is pose a serious environmental issue into synthesis gas with an H»/CO ratio of
unity, which is used to produce synthetic fuel [1-3]. This procedure is incredibly significant
to the environment as the GHGs utilized as gas sources are methane and carbon dioxide, all
of which are harmful greenhouse gases. It has been suggested that dry reforming of methane
(DRM) is a preferable option to producing syngas (H2/CO=1) since it can decrease CO>
emissions while producing beneficial raw materials [2]. To enhance DRM at the industrial
scale, three fundamental aspects must be addressed: (1) improved carbon dioxide and
methane activation; (2) the improved comprehension of the mechanisms and reaction
processes that create H, and CO; and (3) strategies to prevent deactivation of

catalyst operations [4,5].

In the Fischer-Tropsch synthesis, a feedstock gas combination containing a low
H>/CO ratio is preferred for the creation of hydrocarbon fuels [6-8]. To achieve appropriate
conversion levels, the endothermic aspect of the reaction necessitates a high reaction
temperature. Because of the considerable operational temperature, adequate catalysts are
required. The creation and build-up of carbonaceous deposits typically lead to the sintering of
metal particles followed by the deactivation of catalysts as a consequence of the excessive
temperature [9-13]. Recently, it is proven that noble metals including platinum, rhodium, and
ruthenium, as well as non-noble metals as transaction metals (Ni, Co, and Fe), are
employable as catalysts in dry reforming processes[9,10]. According to reports, noble metals
possess excellent catalytic activity and have insignificant coking potential. However, due to

their restricted variety and expensive cost, they are not widely used in the industrial sector.



Because of their cheaper cost and equivalent catalytic efficiency, non-noble metals such as

nickel and cobalt have attracted the curiosity of researchers [4,14-16].

Despite the great catalytic performance demonstrated by nickel-based catalysts, the
significant coking and swift inactivation prevent them from being used in industrial
applications. Cobalt catalysts for example, possess a considerable soot oxidation ability
which could be employed to increase the resistance of a catalytic process to carbon
production by reducing the coke formation. Nonetheless, cobalt catalysts exhibit a high

proclivity for re-oxidation, resulting in low performance [17-20].

The majority of the recent investigations in this area are primarily focused on
reducing carbon creation in a variety of methods, either by ; i) using supports that have high
oxygen ion mobility which may interact with adsorbed carbon species, such as SiO,, CeOa,
and ZrO2 solid solutions, as opposed to conventional supports[21-25]; ii) the employment of
additives such as potassium or sodium, which provide basic aspects to the surface
characteristics, despite the reality that they reduce the catalytic activity[26,27]. iii) modifying
the morphologies of support specifically bimodal, mesoporous, nanorods, core-shell, nano-
fibrate, and fibrous dendrimers [28-34]. The fabrication of incredibly multifunctional
supported metal catalysts by wide metal dispersion of nanoparticles is one of the crucial
options for heterogeneous catalytic systems that require research. Our prior research on the
successful growth of fibrous silica-alumina (FSA) via exceptional surface area and thermal
stability was the inspiration for this study [35]. In the present study, the FSA was investigated
for DRM and the performance of the metals (Ni and Co) loaded over FSA aiming at getting a

greater understanding of the metal's impact on catalytic efficiency and carbon formation.



2.0 Experimental

2.1  Catalyst Preparation

Fibrous silica-alumina support has been generated through the hydrothermal method
and Al20s. Alumina nitrate (Sigma-Aldrich, > 98%) was combined into a homogenous
mixture of n-butanol (Merck, > 98%) and toluene (Sigma-Aldrich, > 98%). Afterward, the
solution was stirred for approximately 30 min prior to introducing TEOS (Merck, > 98%)
and was poured dropwise. Urea (Merck, > 98%), Cetrimonium bromide (CTAB- Sigma-
Aldrich, > 98%), and 0.75 L of deionized water were added to the mixture. Toluene/1-
butanol=13.8, urea/CTAB=3.8, and Si/Al=1.23 are the essential variables. While being
exposed to microwave radiation at 400 W for 360 min, the subject substance was vaporized at
120 °Cfor overnight evaporation. The white specimen was heated in a furnace for 360 min at

550 C to produce FSA support.

2.2  Loading Metals

To load metals onto FSA, a 5 wt% Co and Ni-impregnated solution of Co(NO3z)2 and
Ni (NO3)2.6H20 were (% trace metals) used as purchased from Sigma-Aldrich. Bhd. They
dissolved in deionized water was deployed. Before getting impregnated, the specimens were
evaporatively dried and then calcined for three hours at 550 °C. Co/FSA and Ni/FSA were

the end products of this procedure.



2.2 Characterization

A Bruker D8 Advance diffraction pattern, Which was certified utilizing Cu K-ray
radiation at 1.54 wavelengths, was employed to conduct the XRD study on pristine and spent
samples. The determination is intended to generate X-ray diffractograms in the range of 1-
280° employing data at 0.05° and 0.1° at 46kV and 41mA. (FESEM; Zeiss Supra VP35) field
emission scanning electron microscopy was deployed to further analyze the structure of
samples. N2 adsorption-desorption through ASAP2020 apparatus was using an N2/He mixed
gas and a from Micromeritics to determine surface areas. 0.1- 0.15 g of the specimen were
refluxed at 200 °C for 240 min before the assessment, followed cooled to room temperature.
The BET technique was employed to calculate the total surface area. Additionally, Fourier-
transform infrared (FTIR) measurements were conducted on the materials using the Agilent
Technology Varian 670 apparatus at 30 °Cin the 400 to 4000 cm™ wavelength range. By
using a Rigaku Primus 2 apparatus and lithium tetraborate to treat the materials, the metal

percentage was evaluated using wavelength-dispersive X-ray fluorescence (XRF).

The carbon-containing aggregate structuring in the utilized catalysts was examined by
adopting 510nm lasers with a 50x magnified microscope mounted on a Renishaw via a
Raman spectrophotometer, The Raman spectra of the specimen were recorded around 1000
and 2200 cm™. A TGA/SDTA 851e Mettler Toledo thermo-gravimetric instrument with a
temperature range of 5-950 °Cand a heating rise of 10 °min with airflow has also been
employed to assess carbon deposits. Additionally, utilizing JEOL JEM-2100 F technology,
transmission electron microscopy (TEM) was conducted on the spent samples. All of the
materials were acetone-liquefied before being positioned on a copper gridiron that had a
penetrable carbon layer covering it. Temperatures of 100 to 1000°Cand an Hz/N2 flow rate

with a concentration of 10% were employed to investigate the reduced specimen (20 mL min

1).



2.3  Catalyst assessment

The DRM assessments were carried out on various catalysts using a series of
efficiency measurements at a temperature limitation of 500-850 °C through streaming the
gases in a fixed-bed reactor to identify the detrimental impacts of the metals on the long-
term catalyst performance. The catalysts were tested employing a stream running
continuously in a reactor at environmental pressure and a heat range of 500-850 °C. A
portion of the pelletized catalyst (2mg) was placed in a reactor, blocked by quartz wool.
Before the activity, the preload catalyst was initially treated with 15 mL min™* oxygen at 700
°C for 60 min, followed by 100 ml.min"* at 800 °C throughout 120 min of H2:N (50:50).
Then the reactor was cooled to a set temperature as a function of the impacts of N2. The
reactor was supplied with the mixture of gases CO2: CHa: N2 at 25:25:50 ml.min™ rate. To
continuously monitor and evaluate the surplus reactant and gas released, (Agilent 7890A GC)
a gas chromatograph set via a (1010 )column carboxy with a 0.1L collecting band with
thermal detecting was employed (TCD). Before a randomized choice was determined, 60
minutes were required for reaching the reaction equilibrium at the examined temperature.
Equations (1-7) were employed to estimate the rate of conversions and the ratio of syngas

(H2/CO) [9,36,37].
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3.0  Reflection on The Findings

3.1  Catalysts characterization

3.1.1 Characteristics of structure and morphology

1)

)

©)

(4)

()

(6)

()

Figure 1(A-C) displays FESEM micrographs including elements mapping of all

specimens demonstrating the particle dispersion of metal. Figures 1(A) depict the creation of
the fibrous silica-alumina structure's expected spherical bi-continuous concentric fibrillar
shape. NiO and CoO crystallite scattering and sizes were soft purple spots evident scattered
over the support structure. The particle sizes, as determined from the XRD spectra using the

Scherrer equation, are 11.7nm and 14.3nm for Ni and Co FSA catalysts respectively. For this

reason, the Co is less spread on the surface of the FSA than Ni/FSA [38]. The Co was

inadequately diffused on the fibrous silica-alumina (Fig. 1C), due to its limited pores as well
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as surface area, as shown by the lumps of Co on the surface of the FSA after impregnation.
This being the cause of rapid Co/ FSA inactivation during only short hours on the stream
cannot be outweighed. Because of the limited distribution of Co, there is a limited surface for
reaction and reduction, resulting in significant sintering due to tiny crystallite migration.
Consequently, the deactivation potential of the catalyst will be larger based on the amount of
carbon placed [5,12,39]. Moreover, Traces of cobalt and nickel were observed via catalysts
are 5.10% and 4.84% respectively by XRF analysis (in the Table.1), The amounts of Ni-
loading at 5% wt are consistent with the quantities employed during catalyst preparations,

and the identifying amounts of compounds utilized in this investigation are true.

Figure .2. displays the crystalline structures through the X-ray diffraction (XRD) for
the specimens FSA, Ni/FSA, and Co/FSA. All the samples demonstrated a broad 26 band
from 20 to 309, this is often attributed to the amorphous phase of SiO, (JCPDS card No. 29-
0085)[40,41]. Because of the existence of silica species during the fabrication of dendrimeric
silica fibres, the XRD pattern intensity diminished. The Ni and Co FSA catalysts both
exhibited nine prominent peaks at 20 value of 25.8°, 35.4°, 37.8°, 43.5°, 52.8°, 57.5°, 66.7°,
68.4°, and 77.1° identical tothe (01 2),(104),(110),(113),(024),(116),(214),(3
00), and (1 1 9) alumina crystalline planes via structures of rhombohedral (JCPDSICDD File

No 46-1212) for FSA sample [35,42].

Three diffraction peaks were seen for NiO via Ni/FSA at 20 = 62.9, 75.4, and 79.4°,
correlating to NiO planes (2 20), (2 2 2), and (3 1 1), respectively (JCPDS 78-0643). The
C0304, Co/FSA showed five peaks at 26 = 18.6, 31.3, 36.8, 44.8, and 59.4°, which
corresponded to (111), (220), (311), (400), and (511), respectively (JCPDS 42-1467)[43].
The diffraction peak intensity was found to be lower in Ni/FSA in comparison to Co/FSA. As
revealed by the FESEM studies; moreover, the nano-crystallite metals of NiO deposited on

FSA were uniformly distributed more than Coz04. Owing to the active site mobility
10



obtainable through FSA, which enables NiO scattering, the possibility for NiO crystal
aggregation and the metal-support interaction is increased [44]. Moreover, the peaks of Ni-

Al20O4 appeared less higher than that of Co-Al.O4 indicating more crystallinity of Co over Ni
3.1.2 Textural properties

N2 adsorption-desorption analysis was used to investigate the textural properties of
the FSA, Ni/FSA, and Co/FSA. Figure.3 shows the N, adsorption-desorption isotherms
including pore size dispersion of the catalysts. Referring to the IUPAC categorization, the
catalyst isotherms displayed regular type IV adsorption phases at P/Po = 0.4, and 0.9,
indicating a mesoporous property [45,46]. The scattering of pore sizes overall catalysts is

illustrated in the figure.3 implementing (NLDFT) non-local density functional theory.

The FSA revealed a sharp peak in the 50-70 (A) range and a thin peak in the 100-200
(A) band for mesopore distribution. The high peak is due to the formation of mesopores
during surfactant self-assembly. However, the small peaks are owing to the spacing between
dendrimeric molecules. When Ni/FSA was compared to FSA, there was no substantial shift
in pore dispersion. This attests to a real dispersion of Ni dispersion confirmed by FESEM
(Fig. 1). However, the peak intensity of pore dispersion is decreased by adding Co. This
finding is linked to a decrease in the amount of adsorbed N2 in Co/FSA P/Po = 0.46-1.0,
indicating a decrease in micropores and interparticle voids mesopores[47]. In the present
study (Table.2), the FSA displayed (334.92 m? g 1) an extraordinary surface area, after
loading Ni, the surface area increased to 338.54 m? g * because there was more scattering of
active metal [48]. Moreover, increased Ni encasement over Ni/FSA indicates that dispersion
has been optimized. As seen in figure 1. However, when Co was added to the FSA, the

surface area and pore volume were reduced to 303.6 m? g * and 0.856 cm® g * respectively.
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With the addition of Co, the catalysts' surface area and pore volume diminished due to partial

pore blockage and/or pore filling.
3.1.3 Reducibility

TPR-H: of the calcined catalysts was performed to gain a deeper insight into the
evolution of the nickel and cobalt phases as shown in figure.4. This was useful in determining
the reduction degree of the Co and Ni oxide species. the solitary peak of Ni/FSA in the region
from 260 °C to 360 °C correlates to Ni species reduction [49,50]. This is most definitely
attributable to a reduction in narrower NiO nanoparticles or nickel aluminates as shown in the
XRD result [44,49]. A low degree of reduction peak might imply that the interaction of NiOx

species was slight with the exterior of FSA dendritic fibres.

There were two essential reduction stages in the Co/FSA catalyst's reduction studies.
The reduction peak centred close to 300-510 °C is assigned to free Co3O4 reduction.However,
this involved consecutive reductions to CoO and metallic Co, respectively. A unique peak
was identified between 560 and 770 °C showing the occurrence of considerable quantities of

CoAl204 obtained from the strong interaction between Co0304 and Al,O3 [12,17,43,51].
3.1.4 Spectroscopic Studies

FTIR spectroscopy with wavelengths between 400 and 4000 cm-1, assessed the
various construction heterogeneity of the (Co and Ni) supported FSA, as displyed in figure.5.
The most prominent peaks exhibited siliceous frames because Si interacted with various
atoms, (for instance, Si-O-Si, Si-OH, Si-0O, Al-O-Al, and Si-O-Al) through the range 400-
1300 cm. [52]. The wavenumbers of five peaks 1240, 1090, 960, 790, also 460 cm™* were
demonstrated in all specimens, indicative of Si-O-Si bond apparent within the range of 960-
1260 cm™ in all samples [53]. Similar, all catalysts in fig.5 demonstrated a peak at 3400 cm™

indicative of that O-H-stretching vibration due to water molecules, or Brgnsted acid sites
12



which are dependent on hydrogen concentration [54,55]. As displayed by the same figure,
Ni/FSA possess a low-intensity peak at 3400 cm™ reflected in low Bransted acid sites.
Furthermore, asymmetric stretching peak attributed to Si-O-Si transverse-optical (TO) and
longitudinal-optical (LO) bands were apparent at approximately 1240 cm™ and 1090 cm?,
respectively [56-58]. The weak bands at 960 and 1640 cm™ were assigned to external groups
of Si-OH, whilst symmetric and asymmetric Al-O and Si-O stretch vibrations were
pronounce at 800 cm™ and 462 cm™, respectively [59]. Apart from stretching vibrations,
symmetrical and asymmetrical stretch attributable to Si-O-Al were reported by [60] 1090, 790
and 460 cm™ . The disappearance of these peaks upon the introduction of Ni and Co to FSA,
could imply that the Si—O-Si and Si-OH were partly replaced by Ni-O-Si, Co—O-Si, Ni-O,
and Co-O. In particular, the peak at 666 cm™ in the Co/FSA is attributable to Co-O
vibrations indicating the successful incorporation of Co onto the support [17,41].
Accordingly, substituting result of the O—H and O-Si with the Ni ions in the dendritic
fibrous FSA structure entails a greater reduction in peak density compared to the Co sample,

emphasizing that Ni had a more robust interaction with FSA support than the Co [61,62].

3.2  Activity Evaluation

Figure.6 shows the activity results of Ni/FSA and Co/FSA. Ni/FSA converted more
CHjs4 than Co/FSA under identical reaction conditions. Based on the fine Ni dispersion as seen
in the FESEM picture, Ni/FSA catalysts were more efficient than Co/FSA catalysts, which
enhanced the porosity and surface area, thereby providing a variety of active reaction sites
and mobility of reactant mass in the process. Additionally, textural characteristics have a
significant role in catalytic activity, as demonstrated by the FSA characteristics that supply

the active species required to prevent deactivation of the catalyst (surface area, pore size, and
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pore volume) [63]. Thus, owing to the extraordinary surface area of Ni/ FSA and possession
of high oxygen storage deposits of C are easily transformed to CO thereby forming
intermediates carbonate species into reductive basic supports reflected avoiding the coke

formation [28].

The Ni/FSA catalyst shows superior catalytic efficacy, with the sustained conversion
of CH4 and CO» exceeding 89 % and 80 %, respectively, at 800 °C, In comparison to Co/FSA
(XCHs=67%, XCO263%). Indeed, the tiny metal particles and superior metal diffusion will
lead to more edges and metal-support frameworks, resulting in more active sites.
Interestingly, the conversion of CHsand CO; at 700 were similar for the Ni/FSA and Co/FSA
catalysts, indicating the possibility that side reactions such as; methane decomposition

(CHs— C + 2H>) and the Boudouard reaction (2CO « C + CO3) have occurred [7,64].

To verify the successful Ni/FSA synthesis for DRM catalytic ability in comparison to
the Co/FSA at 800 °C prolonged performance for 10 hours, the stabilization assessments
were carried out as shown in fig.7 (A and B). Compared to Co/FSA (XCO2 = 17%, XCH4 =
21%), the FSA catalyst exhibits superior catalytic performance, with the stable CO>
conversion and CHas achieving 91 % and 96 %, respectively. The catalytic performance of
Co/FSA decreases during the second hour while on stream. This should be identified by the
poor Co dispersion within surface aggregation and increased acidity that causes coke deposit
and inactivation [28,51]. Moreover, the H2/CO ratio for Co/FSA is lesser than that of
Ni/FSA, achieving a ratio of 0.85 to 95 as depicted in Fig. 7C, which is appropriate for the
Fischer-Tropsch application to synthesize lipid long hydrocarbons chain. This possibly is
owing to the possibility of Ni/FSA to disperse oxygen species over the surface than Co/FSA
catalyst [18,19,63]. According to Fig. 8, the H> yield showed a different trend with
conversions, with Ni/FSA achieving the highest H> yields and Co/FSA achieving the lowest.

Meanwhile, the exception of CO selectivity that appeared to be caused by the Co/FSA
14



catalyst could be explained by the RWGS reaction (CO2 + H, «—~CO + H20). where the H:
and CO selectivity of Ni/FSA were quite similar, which were 48% of S (CO) and 51% of S

(H2) [65,66].

Simultaneous secondary reactions that occurred throughout catalytic testing were
predictable. On the other hand, from the Ho/CO profiles as displayed in Fig. 7C, In actuality,
a rise in the ratio of syngas on Ni/FSA after 6 hours was driven by the concomitant
occurrence of CH4 decomposition (CHs —C + 2Hz2) and CO disproportionation (2CO «C +
CO:»). These subsequent reactions neither simply influenced the syngas ratio, but also
produced carbonaceous species that were detrimental to catalytic activity. On the contrary, in
the first hours of the reaction, the syngas ratio was shown to drop for both specimens, which
was caused by the reverse water gas shift (RWGS) reaction to the decrease in syngas ratio.

and seem to improve with the favourability of thermodynamics [67,68].

The activity of Ni/FSA was preferable over that of Co/FSA, which might be attributed
to its significant number of active sites via the mesoporous and microporous supplies by the
support's fibrous temple. In particular, the characterization results show that the thinner
crystallite of NiO is diffused homogeneously across the FSA compared to Co. However, Co
has shown in FESEM more accumulation onto the FAS than Ni, as well as the Co particles
having blocked the pores of the FSA the (Table. 2). This creates a tremendous contribution to
increasing NiO engagement within the FSA and drastically enhancing the environmental
basicity of catalysts. As stated previously, the catalysts’ basicity assisted CO2 decomposition
and gasification while limiting CHs interactions with active sites, potentially minimizing coke

formation during the long-term activity[69,70].

Interestingly, FTIR results show that the existence of a synergic influence among

Nickle particles and fibrous silica-alumina mesostructures via the generation of Ni-O-Al and
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Ni-O-Si bonds prevents the aggregation of metal. This coordinated impact shielded the
metallic Ni° phase during the reduction of the NiO crystalline phase through the H, stream
before the reaction begging, thus increasing the re-efficiency of both gaseous reactants, CH4
and COa>. The inferior catalytic efficacy of Co/FSA is probably attributed to the coke forming

and possibly sintering metals during the DRM process [68,71].

3.3  Spent Characterization

During 10 hours of activation, the Raman spectra evidenced the distinct species of
carbon extent in Fig. 9. The sp2-bonded carbon deposit is responsible for two peaks: the
disorder-generated band (D-band) at 1350 cm™ and the graphite carbon band (G-band) at
1584 cm™ [38]. The G-to-D-band ratio (IG/ID) is a representation of the amount of carbon
placed, which evaluates the quantity of graphitization of coke deposits. Consequently, a
higher IG/ID ratio implies that graphitic carbon is being generated at an accelerated rate more
highly than amorphous carbon and inconsistently, increases the catalyst's susceptibility to
deactivation and complicates the renovation process [72]. The IG/ID ratios for Co/FSA and
Ni/FSA were 1.02 and 0.9, respectively, confirming both carbons, graphitic and amorphous,
were attended with both specimens. Raman spectra revealed that the Ni/FSA had the lowest
IG/ID ratio and narrowest band zones throughout Raman wavelengths. This indicates that a
small amount of carbon is deposited on Ni/FSA, while the maximum carbon achieves an
amorphous and disordered formation that has little potential for catalyst disruption. The
disordered carbon formations are mainly gasified throughout the DRM, preventing them from

accumulating and developing into a more stable carbon deposit.

Coke coatings on the catalyst surface were evaluated using the TGA and DTA
investigation, and the findings are displayed in Fig.10. The charts demonstrated the weight

portion loss caused by the used catalysts, the amount of carbon formed, and the volume of
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coke that might be replaced over the suppression mechanism of oxidation employing plenty
of Oz to form COz. For the Ni/FSA catalyst, the preliminary loss of weight happened at
approximately 85°C and progressed at 4%. This demonstrates the formation of amorphous
crbon, which is recognized to oxidize at lower temperatures compared to other carbons
deposits, on the catalyst surface [73]. Observations in ancient times have proven that the size
of the metal crystallization has a considerable impact on restricting carbon residue or elution,
as catalysts with minimal metal crystalline phases release fewer cokes [74]. Additionally, the
Raman and TGA analyses provided physical and quantifiable verification of the coke
generation. The ease of oxidation exhibited by amorphous carbon over graphitic one made its
impact after 10h on stream lesser [75]. On the contrary, the loss of weight particularly
evident in Co/FSA, with a maximum value of peak position appearing at about 600 °C
confirms the accumulation of exceptionally carbonaceous graphitic, which is challenging to
gasify on-site. This carbon type has responsible for the rapid deactivation of Co/FSA, as

shown by the stability evaluation (Fig. 7).

The DTG patterns can be subdivided into distinct peaks correspond to different types
of carbon and are classes dignifed by the symbols Cy, CB, and Ca [76]. The TGA profile was
utilized to differentiate varieties in (Fig. 10B). Amorphous carbon (Ca) is oxidized at
minimal temperatures to produce the syngas. Whereas, at extreme temperatures, Cy and C
are oxidized, and those carbon sorts are actually involved in the mechanism of catalyst
performance. The mass loss of roughly 100°C recorded across all specimens is assigned to C,
whereas the minor peak at 550°C is related to CP, which is presumably formed by
polymerization and rearrangement of active carbon species. At approximately 650 C, the
weight losses were caused by crystalline carbon C, which is crucial for catalytic inactivation

[77,78].
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After 10 hours time on stream, the catalysts had not morphologically deformed and
had sustained the FSA fibrosis (as shown in Fig.11). The Ni lattice fringes were discovered in
the assessed quadrat space with lattice spacings of 0.18, 0.25, and 0.2 nm for the Ni/FSA
specimen (Fig. 11B) and related to Ni (200), NiO (111), and AlzNi (301), respectively.
Moreover, the lattice area which correlated to the Coz04 (111), CoO (200), and Co (100) was
0.466, 0.213, and 0.208 nm, respectively in fig .11D. The lattice spacing of carbon interplanar
was nonexistent on Ni/FSA provided evidence that carbon-graphite prevention was observed.
Only on Co/FSA could different lattice fringes be seen that were related to carbon graphite

and nanotubes with different levels of graphitization (Fig. 9D).

The formation of amorphous carbon disordered around the Ni nanoparticles is
depicted (Fig.11A). The reaction indicated rapid gasification through oxygen vacancy to
generate excess CO with no deactivation by coking. Consequently, it had minimal potential
for accumulation in a long-term activity. Although the coke formation was insignificant after
10 hours of reaction, but the carbon nanotubes (C-NTs), whiskers, as well as amorphous coke
species were visible on the spent Co/FSA, as evidenced by the TGA and Raman data. As
shown in Figure 6, the apparent inactivity of Co/FSA during the early periods of the long-
term reaction could be caused by the steady and structural carbon deposition and its lower
sintering resistance as catalysts are more prone to inactivation if apprecible graphitic carbon

is generated [41,79,80].

4.0 Conclusion

To conclude, fibrous silica-alumina (FSA) has been synthesized through the
hydrothermal method with various loading metals by the impregnation method. In the KBr-
FTIR and H>-TPR investigations, the appearance of the degree of metal interactions was

conditional on metal dispersion attributed to metal crystallite size on the support surface.
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Accordingly, Ni/FSA generated superlative function in the DRM reaction across a
temperature range of 500-850 °C and extraordinary stability over 10 h it due to its a large
surface area (338.56 m?/g), fine size dispersion of Ni, and strong metal-support interaction, as
well as strong resistance to sintering by restricting Ni atoms or crystallite movements on the
support. However, Co/FSA had a bigger crystallinite size, which affects the metal-support
interaction reflected in the performance of the catalyst. The Ni/FSA catalyst serves as a coke
inhibitor and a disordered amorphous phase with no effect on the catalyst stability. These
characteristics are the vital causes for Ni/FSA catalyst's superior efficiency to Co/FSA
synthesized via wet impregnation. As documented, the conversion of CH4 was 97.5% for

Ni/FSA, while it dramatically dropped to 20.63% for Co/FSA
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Table Click here to access/download;Table;Table.docx %

Table.1. X-ray fluorescence XRF analysis results to catalyst content.
Sample Ni (% wt) Co (%wt) SiO2 (%Yowt) Al203 (% wt)
Co/FSA - 5.10% 76.18% 18.7%
Ni/FSA 4.84 % - 79.2% 16.5%
Table .2. Textural properties of prepared catalyst samples.
Catalyst Surface Area Micropore Mesopore Total Pore Pore Size
m2/g volume cm?3/g volume cm?3/g Volume cmd/g nm
FSA 334.92 0.0038 1.20 1.21 14.45
Ni/FSA 338.56 0.0053 1.05 1.05 1251

Co/FSA 303.6 0.0015 0.97 0.98 0.86



https://www.editorialmanager.com/he/download.aspx?id=2883716&guid=80ff1b48-a835-473c-8a67-bedb431e54d5&scheme=1
https://www.editorialmanager.com/he/download.aspx?id=2883716&guid=80ff1b48-a835-473c-8a67-bedb431e54d5&scheme=1

Figure Click here to access/download;Figure;List of figure.docx %

Graphical Abstract

—o—Ni/FSA
—a—ColFSA

012 345678 91
Time h


https://www.editorialmanager.com/he/download.aspx?id=2883717&guid=fb780501-b97e-4c90-83cc-cbbf4d71928f&scheme=1
https://www.editorialmanager.com/he/download.aspx?id=2883717&guid=fb780501-b97e-4c90-83cc-cbbf4d71928f&scheme=1

List of Figure

Fig.1. (A) FESEM image of FSA diffusion, (B) The particle mapping of Ni/FSA, (C) Co/FSA with mapping.
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Fig. 2. Wide-angle XRD pattern for the fresh catalyst of FSA, Ni/FSA, and Co/FSA.
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