INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 (2022) 30896—30907

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier.com/locate/he

International Journal of

HYDROGEN
EN ERGY‘

Optimization of boron dispersion on fibrous-silica-
nickel catalyst for enhanced CO, hydrogenation to
methane

N.S. Hassan °, A.A. Jalil ®>", N.A.A. Fatah °, I. Hussain °,
A.F.A. Rahman %, S.A.M. Dolit %, K. Kidam “, R. Jusoh ¢, M.A.A. Aziz %,
H.D. Setiabudi ¢, C.K. Cheng “

& School of Chemical and Energy Engineering, Faculty of Engineering, Universiti Teknologi Malaysia, 81310 UTM
Johor Bahru, JohC, Malaysia

® Centre of Hydrogen Energy, Institute of Future Energy, Universiti Teknologi Malaysia, 81310 UTM Johor Bahru,
Johor, Malaysia

¢ Faculty of Chemical and Process Engineering Technology, College of Engineering Technology, Universiti Malaysia
Pahang, Lebuhraya Tun Razak, 26300, Gambang, Kuantan, Pahang, Malaysia

4 Center for Catalysis and Separation (CeCaS), Department of Chemical Engineering, College of Engineering, Khalifa
University of Science and Technology, 127788, Abu Dhabi, United Arab Emirates

Check for
updates

HIGHLIGHTS GRAPHICAL ABSTRACT
e Apt boron dispersion surround “H

nickel particles improved CO, B0

adsorption. 100 -
e Boron accelerated the methana- O, +H, i

tion and restricted the coke B

c) o
N AN ]
a3 /!

@
3

formation.

e Addition of boron onto FSN
improved the nickel activity and
stalj.iliFy. . . ;g\eﬁiﬁi*(f

e Optimization of methanation by i
FCCCD and RSM gave the highest
84.3% of methane.

Yield of CH, [%]
N
5

N
S

]

ARTICLE INFO ABSTRACT

Article history: There are numerous reports regarding boron-containing catalysts for hydrogen-related
Received 14 August 2021 reactions from CO, including dry reforming of methane and methanation. Besides
Received in revised form enhancing the productivity, boron also improved nickel activity and stability. However, the
1 January 2022 detailed mechanistic study, particularly in explaining the starring role of boron in the
Accepted 14 February 2022 enhanced reactions, is still lacking. Thus, herein we loaded boron on fibrous-silica-nickel
Available online 5 March 2022 and investigated their physicochemical properties and mechanistic route by means of

in-situ FTIR for enhanced CO, methanation. It was found that the appropriate dispersion of

* Coresponding author. School of Chemical and Energy Engineering, Faculty of Engineering, Universiti Teknologi Malaysia, 81310, UTM

Johor Bahru, Johor, Malaysia.
E-mail address: aishahaj@utm.my (A.A. Jalil).
https://doi.org/10.1016/j.ijhydene.2022.02.126
0360-3199/© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.


mailto:aishahaj@utm.my
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2022.02.126&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2022.02.126
https://doi.org/10.1016/j.ijhydene.2022.02.126
https://doi.org/10.1016/j.ijhydene.2022.02.126

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 (2022) 30896—30907

30897

Keywords:

Nickel

Boron

Basic sites

CO; hydrogenation
Methane
Optimization

boron surrounds the nickel particles is an important factor to improve the adsorption of
CO, before interacting with split hydrogen atom from the nickel sides to form in-
termediates which are subsequently dehydrated, and then serial hydrogenation gave the
final product of methane. Boron also accelerated the methanation and restricted coke
formation. A hybrid approach on optimization via a face-centered central composite
design and a response surface methodology showed that reaction using H,/CO, ratio of 6,
GHSV of 10,500 mL g~* h™%, at 500 °C gave the highest percentage of CH, of 84.3%. To

indicate the error, the predicted values were compared to the experimental values, yielding
an accurately minimal error ranging from 0 to 11%. As a result, the empirical models
generated for CO, hydrogenation to methane were reasonably accurate, with all actual
values for the confirmation runs fitting within the 94% prediction interval.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Continuous depletion of conventional energy sources and
global warming are the two main factors that putting our
environment sustainability at risk [1]. Thus, this phenomenon
has led to the search for renewable energy sources, which can
be achieved by converting carbon dioxide (CO2) greenhouse gas
into a useful energy carrier. CO, hydrogenation into methane
(CH,) provides an effective solution towards the CO, mitigation,
and the CHy is useful as fuel [2]. The catalytic CO, methanation
to produce synthetic natural gas is a highly exothermic reaction
that is frequently catalyzed by metal-supported catalysts [3]. In
this case, developing an efficient catalyst that can operate at
low temperatures and is applicable as highly thermal conduc-
tion material is particularly preferred.

Ni-based catalysts are well explored among the researched
catalysts because of their high catalytic activity and low cost
compared to noble metals (Ru, Rh, and Pd) [4—6]. However,
several problems have been addressed on applying those
catalysts, such as coking, sintering, and chemical poisoning
[7]. In order to overcome this problem, many studies have
focused on the catalyst synthesis procedure to control the Ni
particle size, its dispersion on support materials, and the
metal-support interaction, which acts as key factors in the
catalytic CO, methanation [8]. Liu et al. recently described a
simple one-pot synthesis of NiO loaded on SBA-15 that has
anti-sintering capabilities and greater catalytic activity than
the same catalyst synthesized by the impregnation approach
[9]. Similarly, the mechanochemical method such as solid-
state reaction was used for the synthesis of Co—Ni/Al,O3,
and the catalyst had the highest catalytic performance in CO,
methanation (76.2% CO, conversion and 96.39% CH, selec-
tivity at 400 °C) as well as high stability over 10 h time-
onstream [10]. Other than that, the alteration of SBA-15 into
fibrous SBA-15 boosted the accessibility of the bulk active sites
onto support, resulting in outstanding catalytic efficiency and
stability of the catalyst [11]. Indeed, the preparation procedure
has resulted in a crucial effect on the morphology and
manipulating the catalyst's activity and stability [12,13].

The addition of promoter onto nickel-based catalysts is also
a remarkable way for improving the Ni activity and stability.
Recently, boron has gained significant research interests as a
promoter due to its excellent tendency to mitigate coke
nucleation sites. For instance, boron has been reported as a
good promoter for methane steam reforming [14],
Fischer—Tropsch catalysts [15,16], propane dehydrogenation
over Pt/y-Al,03 [17], and hydrogen storage [18]. In past decades,
the effect of boron on Al,03-supported nickel catalysts has been
investigated for dry reforming of methane. For example, low
amounts of boron (0.6—5.6 wt% B,05) considerably improve the
dispersion of the nickel-supported phase and reduce the car-
bon deposition [19]. In another study, it was noticed that a
lower concentration of boron (1 and 2%) was more favorable to
achieve the higher catalytic activity, whereas the higher con-
centration (3% and 5%) resulted in a comparatively lower con-
version for CHy and CO, [20]. Interestingly, an unpromoted
catalyst showed 14% carbon deposition and was reduced to
1.3% for 2% boron-promoted catalyst due to B—OH species'
presence on the catalyst surface. Thus, boron is revealed could
preclude the surface of catalysts from deposition and growth of
carbon species that were responsible for coking.

Recently, we have successfully synthesized a highly active
and stable nickel loaded on fibrous silica KCC-1 (KAUST
Catalysis Centre 1) catalyst by in-situ one-pot hydrothermal
method, which converted CH,4 (92%) and CO, (88%) to high H,/
CO ratio, and had exceptional stability over 72 h TOS at 750 °C
[21]. Further modification of the Ni@KCC-1 with La,0; was
found to enhance the selectivity of H,/CO products to values
close to unity. However, the stability slightly dropped if
compared with the pristine Ni@KCC-1. Therefore, as an
extension of this study and inspired by significant findings of
boron, herein we attempted to incorporate boron onto
Ni@KCC-1 (denoted as fibrous-silica-nickel (FSN) catalyst) in
order to explore the behaviour of boron during CO, metha-
nation, which is thought to improve the catalyst's activity and
stability. To the best of our knowledge, no previous study has
explored the combined effects of boron and FSN catalyst for
CO, methanation. The catalyst's physicochemical properties
were characterized in detail, the reaction mechanism also was


https://doi.org/10.1016/j.ijhydene.2022.02.126
https://doi.org/10.1016/j.ijhydene.2022.02.126

30898

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 (2022) 30896—30907

elucidated by means of FTIR as well as the optimization of CO,
methanation was also done by a hybrid approach via a face-
centered central composite design (FCCCD) and a response
surface methodology (RSM).

Experimental
Synthesis procedure

Fibrous silica nickel was obtained via a one-pot synthesis
procedure by adding 4.54 g of Ni metal precursor (Ni(NO3),.
-6H,0) into the colloidal mixture of fibrous silica, which the
colloidal solution was prepared according to the steps in
literature [22]. The metal-loaded mixture was mixed until
homogeneous before it was transferred into an autoclave for
the aging process (3 h, 120 °C). After that, the solution was
centrifuged to remove the solution before it was dried over-
night in an oven. Then, the catalyst in powder form was
calcined (6 h, 550 °C), and the final product was denoted as
FSN.

Boron-loaded FSN was prepared using boric acid as a pre-
cursor via the wet impregnation method. Briefly, 0.0287 g of
boric acid was added into a solution containing 1 g of FSN in
distilled water under stirring at 40 °C. The resulting solution
was stirred (30 min, 50 °C). After that, the temperature rose to
80 °C, and the solution was continuously stirred until it
became a thick paste. Then, the sample was dried in an oven
(12 h, 110 °C) andcalcined (3 h, 550 °C). The final product was
denoted as xB/FSN (x = 0.5, 1 and 5 wt% of boron).

Catalyst characterization

The catalyst's crystallinity was obtained by an X-Ray diffrac-
tometer (Bruker Advance D8 X-ray) using 40 mA and 40 kV
from Cu ke radiation source. The catalyst's textural charac-
teristics were analyzed from nitrogen physisorption recorded
on Beckman Coulter analyzer (SA3100). The BET method and
nonlocal density functional theory (NLDFT) were utilized to
calculate specific surface areas, pore volumes, and pore size
distributions (PSD) using adsorption data. FESEM (IEOL ISM-
6701F) was used to analyze the morphological properties of
the catalysts. A Bruker Advance 400 MHz 9.4T spectrometer
was used to capture 'B NMR spectra.

Catalytic performance test for CO, methanation

At reaction temperatures of 150—500 °C, a fixed bed reactor
was used for catalytic testing with equipped with a thermo-
couple. The catalyst in the form of a 20—40 um fraction (0.2 g)
was created by the sieving process and fed into the reactor.
Prior to the catalytic reaction, the catalyst was pretreated for
1 h and then reduced under hydrogen for 4 h at 400 °C under
air flow (Foxygen = 100 mL. min™") and (Fuydrogen = 100 mL.
min™?), respectively. The CO, and H, have then flowed in a 1:4
stoichiometric ratio before passing through the catalyst and
being transferred to the gas chromatography system (GC,
6090 N Agilent GC). Using a TCD detector and a GSCarbon
PLOT type column, the component of the output gases was

measured. The following equation was used to calculate
selectivity, CHy yield, and CH,4 production rate:
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y * "~ [mole CH,],,, + [mole CO|_, ®
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Experimental design and optimization

CO, methanation was optimized over 0.5B-FSN via the sta-
tistical software package Design Expert (Version 7.1.6, State-
Ease, Minneapolis, USA). The investigated parameter was
chosen from three independent variables: (A) reaction tem-
perature, (B) gas hourly space velocity, GHSV and (C) carbon
dioxide to hydrogen ratio, CO,/H,. Using FCCCD, the influence
of each variable, the sum of squares, mean square, p-value,
F—value, and confidence level (%), on the prediction of the
optimum reaction parameter were determined. The treat-
ment time in this study is defined as the duration of the
reduction treatment performed prior to the reaction. Table S1
lists the coded level and range of the response parameters
evaluated, with the ranges were chosen based on the results
obtained in the prior study [23]. The total number of tests
completed, according to the design, is 26 with 23 factorial
points, 1 axial point, and 4 replicates at the centre points, as
shown in Table S2.

Results and discussion
Catalytic activity

The effect of boron loading onto fibrous-silica-nickel (FSN)
toward CO, methanation at a temperature range of 150—525°C
was examined, and the findings are displayed in Fig. 1A. It was
observed that the addition of boron up to 1 wt% onto FSN
obviously increased the yield of CH, but further increased the
boron amount to 5 wt% somehow decreased the performance
as summarized in Fig. 1B, where the maximum yield of CH, at
525 °C was in the following order: IB-FSN (92%) > 5B-FSN
(88%) > 0.5B-FSN (85%) > FSN (76%). It also clearly observed
that the overall rate of methanation decelerated by the addi-
tion of boron in spite of an enhancement in the final yield of
CH,. This may be due to multistep reactions had taken place
towards the CH, formation while preserving the stability of
the catalyst. Attributable to the similar performance of CO,
methanation over various boron-loaded FSN catalysts, here-
after, the 0.5B-FSN, which exhibited a higher reaction rate,
was chosen as a model boron loaded catalyst compared with
the pristine FSN. The catalyst's physicochemical characteris-
tics were studied in detail to unravel the important role of
boron on FSN in enhancing the methanation (see Fig. 2) (see
Fig. 2).
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Fig. 1 — (A) CO, conversion and yield of CH, over FSN based catalysts (B) Maximum yield of CH, at 525 °C and overview

reaction rate over FSN based catalysts.

Characterization of the catalyst

Fig. 2A illustrates that the FSN showed several diffraction peaks
located at 20 = 37.2, 43.3°, 62.8°, 75.3°, and 79.1°, which corre-
sponded to nickel oxide (NiO) phase crystallites form (JCPDS
78-0429) [22,24]. The absence of a typical peak for boron oxide
suggests that tiny boron oxide particles were widely spread on
the catalyst surface, with crystallite sizes much below the XRD
detection limit. According to the literature, boron oxide is
seemingly difficult to crystallize and forming amorphous glassy
phases [14,19]. It is seen that the diffractogram pattern of FSN
and 0.5BFSN are alike with slightly higher in intensity and
additional peaks for NiO appeared when boron was loaded onto
the FSN. This is most probably due to the boric acid added

rinsed the surface of FSN and somewhat altered the original
structure of FSN to arise the nickel species.

The nitrogen physisorption experiment was performed to
examine the Brunauer-Emmett-Teller (BET) surface areas and
pore size distribution of both catalysts, and the findings are
displayed in Fig. 2B. The catalysts had a type IV isotherm with
H3 hysteresis loops, which is a common mesoporous feature
[25,26]. Fig. 2C shows the NLDFT pore size distributions, and
detailed analyses tabulated in Table 1 validated these findings,
indicating that the increase in surface area for 0.5B-FSN
compared to pristine FSN was undeniably due to the forma-
tion of the larger pore by the boron species. The smaller pores
look like they were blocked, as evidenced by the decrease in
micropore volume.
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Fig. 2 — (A) XRD diffractogram of FSN based catalysts (B) Nitrogen physisorption and (C) pore size distribution of FSN based

catalysts.
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Table 1 — Textural properties of all catalysts.

Catalysts Surface Micropore Mesopore Total Pore
Area (m?g %) Volume (cm3g?) Volume (cm3g~?) Volume (cm3g?)

FSN 215 0.0319 0.3531 0.3650

0.5B-FSN 237 0.0111 0.3749 0.3640

Fig. 3 — Elemental mapping of 0.5B-FSN via FESEM (A—E) and TEM (F—J).

Next, the FESEM (Fig. 3A—E) and TEM (Fig. 3F—]) images as
well as elemental mapping of 0.5B-FSN, were inspected in
order to elucidate the surface morphology, particle size and
distribution of each species. Fig. 3A shows that the catalyst
was made up of uniform microspheres of silica with a bicon-
tinuous concentric lamellar with particles size range of
200—300 nm [22]. This image also confirmed that the fibrous
structure of FSN remained intact even after the addition of
boron. Fig. 3B and C portrayed the fibrous silica (Si—0—Si)
framework, while the well dispersion of nickel and boron on it
are clearly shown in Fig. 3D and E, respectively with the latter
slightly less distributed compared to the former. The TEM-
EDX mapping of the same catalyst presented in Fig. 3F-3]
further proved all these results.

In order to study the detailed influence of the addition of
boron onto the FSN structure, the catalysts were then sub-
jected to FTIR and NMR analyses. The reduced intensity of
FTIR spectrum of 0.5B-FSN shown in Fig. 4A clearly demon-
strated that boron somehow affected the structure of FSN

particularly the silica framework backbone of asymmetric
Si—0—Si vibration at band 1080 cm™ and the symmetric
stretching of Si—0—Si at band 466 cm™* at the fingerprint re-
gion [27—29]. Fig. 4B and C showed the ?°Si NMR spectrum for
FSN and 0.5B-FSN, respectively with their deconvoluted peaks
by the Gaussian curve-fitting. It can be observed that all the
Q1-Qq peaks for different silica coordination at —83, —91, —102
and —111 ppm, respectively reduced in intensity and slightly
shifted to lower chemical shift number primarily for the Q;
and Q, coordination when the boron was loaded onto FSN,
indicating the interference happened in the structure of silica
framework due to the possible isomorphous substitution of
boron with the oxygen atom [30,31]. Similar phenomenon was
also detected from the reduced band at 794 cm™" in the FTIR
spectrum of 0.5B-FSN shown in Fig. 4A, demonstrating the
possible substitution of boron with the hydrogen atom of
Si—O—H groups. Besides, the boron also most probably
substituted with the nickel atom that already substituted in
the silica framework during the synthesis of FSN [24]. This

50
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Fig. 4 — (A) FTIR spectra of FSN based catalysts, 2°Si NMR spectrum of (B) FSN (C) 0.5B-FSNand (D) *'B NMR spectrum of 0.5B-

FSN.
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may explain why the XRD diffractogram for NiO is slightly
higher and more pronounced for the 0.5B-FSN compared to
the pristine FSN. The presence of boron species in silica
framework tetrahedral sites of 0.5B-FSN catalyst was
confirmed by the single signal at —1.2 ppm in ''B NMR spec-
trum as shown in Fig. 4D [32].

The effect of boron on the basicity of FSN was investigated
by FTIR analysis with pyrrole as a probe molecule (Fig. 5A) and

also by CO,-TPD (Fig. 5B). Two main bands are obviously
detected at 1623 and 1446 cm ™' in Fig. SA, which corresponded
to an aromatic C=C stretching vibration of the pyrrole ring
and pyrolate species from the dissociation of pyrrole,
respectively [33,34]. The former band for 0.5B-FSN is notice-
ably higher than the pristine FSN and seems vice-versa for the
latter, indicated that more pyrrole was adsorbed onto the
surface of 0.5B-FSN catalyst while easier to detach from the
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Fig. 6 — CO, + H, adsorbed FTIR spectra of (A) FSN (B) 0.5BFSN at (a) 100 °C(b) 150 °C (c) 200 °C (d) 250 °C (e) 300 °C (f) 350 °C (g)

400 °C.
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Fig. 7 — Proposed reaction mechanism for CO, methanation over 0.5B-FSN.

FSN surface, meaning such an amount of basicity has been
increased by the addition of merely 0.5 wt% boron onto the
FSN. This improvement would be one of the reasons for the
higher performance of 0.5B-FSN compared to the pristine FSN
shown in Fig. 1. The strength of basicity also extremely
increased by the addition of boron onto FSN as shown by the
CO,-TPD result in Fig. 5B, whereby the maximum CO, des-
orbed shifted from 343 °C for the pristine FSN to 820 °C for the
0.5B-FSN. It is expected that this enhanced property also
would be beneficial for the stability of the catalyst toward CO,
methanation.

Proposed mechanism of CO, methanation over 0.5B-FSN

In order to correlate all the above-mentioned catalytic activity
and characterization results with the role of boron toward CO,
methanation, both pristine FSN and 0.5B-FSN catalysts were
analyzed by in-situ CO, + H, adsorbed FTIR at elevated tem-
perature of 100 °C — 400 °C, and the results are shown in Fig. 6.
Generally, two main bands are detected at 2345 and 1616 cm?!
in both figures, which are ascribed to linear gaseous CO, and
atomic hydrogen, respectively [27,33,35]. The bands intensity
for pristine FSN (Fig. 6A) is somehow less pronounced as
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Fig. 8 — (A) Stability test of FSN based catalyst. The catalytic testing was. conducted at GHSV = 13,500 mL g-1 h-1,

CO2:H2 = 1:4. (B) Raman spectra for both catalysts.
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Table 2 — Comparison of activity of different catalysts for CO, hydrogenation to methane.

Catalysts Temperature (°C) Pressure (MPa) H,: CO, GHSV(mLg 'h™ Ycua (%) Ref
0.5B-FSN 525 0.1 4 13,500 85 This work
Ni/Si0,/GO 470 0.1 4 24,000 80 6]
NiO/SBA-15 450 0.1 4 10,000 74 [9]
Ni/FSBA-15 450 0.1 4 24,900 98 [11]
Ru/HNS 450 0.1 4 12,000 60 [38]
Ni/SiO, 500 0.1 4 60,000 68 [39]
Ni/SiO, 500 0.1 4 40,000 70 [40]
Ni/La-Pr-Ce 400 0.1 4 100,000 60 [41]

compared to 0.5B-FSN (Fig. 6B) at all temperature range stud-
ied, confirming the higher adsorptivity of acidic CO, as well as
the atomic hydrogen on the boron species at the surface of the
latter catalyst. In addition, the intensities for those bands
seem increased and decreased consecutively at elevated
temperature, which in parallel with the intermittent appear-
ance of small bands at around 3093 cm™?, suggesting the
simultaneous adsorption of CO, and rapid dissociation of
molecule H, to atomic hydrogen to produce methane [36].
These results verified the significant role of boron on the FSN
in accelerating and enhancing the CO, methanation. Sche-
matically, the role of boron in the CO, methanation is pro-
posed as in Fig. 7. The well-dispersed boron on the surface of
nickel-fibrous silica catalyst, as shown by the boron mapping
image in Fig. 3E and ] enhanced the CO, adsorption, which
then accelerated the formation of such bridged or/and
chelated bidentate carbonates, hydrogen carbonate as well as
formates when reacted with the hydrogen atom that split on
the nickel surface [35,37]. This phenomenon was evidenced by
the shouldered bands fluctuations at 1680-1600 cm™* shown
in Fig. 6. The dehydration of these intermediates then formed
C—H bonded species which subsequent serial hydrogenation
gave the final product of methane.

Stability studies
The stability test of both catalysts is presented in Fig. 8A, the

CO, conversion is plotted as a function of the time on stream.
The reaction was carried out at 350 °C for more than 100 h in

order to keep the CO, conversion below 100%. Obviously, the
stability of 0.5B-FSN is comparable with the pristine FSN.
However, further inspection of the spent catalysts on Raman
spectroscopy (Fig. 8B) demonstrated that the spectrum for
0.5B-FSNis lower, indicating its more coke-resistance than the
pristine FSN. The G band of pure FSN is more intense than the
D band, indicating that carbon nanotubes and amorphous
carbon may have developed on the catalytic surface. In addi-
tion, the higher Ip/Ig ratio of 0.5B-FSN also illustrates the
defective nature of 0.5B-FSN due to its porous structure. These
results evidently could explain the higher performance of
0.5B-FSN compared to FSN shown in Fig. 1.

Furthermore, to highlight the catalyst's superiority in this
work, the optimal 0.5B-FSN was compared with the reported
catalysts (Table 2). The CO, hydrogenation to methane over all
the catalysts was conducted at 0.1 MPa and using H,/CO, = 4.
The methane yield of 0.5B-FSN was competitive with the
literature data [6,11], and the space velocity used is lowered
amongst the catalyst mentioned. However, Liu and Tian [9]
reported that NiO/SBA-15 catalyst possess relatively poor cat-
alytic activity even at a low space velocity of 10,000 mL g *h™.
Similarly, Ru/HNS catalyst showed a lower yield of CH, (60%) at
lower space velocity (12,000 mL g~* h=?) [38]. In contrast, even
though the higher space velocity was applied, the CH, yield was
still low [39—41]. From the above comparison, 0.5B-FSN catalyst
is deemed as the prospective catalyst demonstrating remark-
able CO, methanation activity in terms of CH, yield, accredited
to its appropriate dispersion of boron surrounds the nickel
particles, which improve the adsorption of CO,.
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Fig. 9 — (A) Scatter diagram of predicted response versus actual, (B) Normal % probability plot, and (C) Internally studentized
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Statistical analysis

During a set of trials, the traditional way of optimizing
multifactor experiments includes altering a single factor while
keeping all other factors constant. Because the various in-
teractions between the variables are not taken into account,
this method is time expensive and impractical for deter-
mining the genuine optimum value. As a result, an FCCCD was
used in conjunction with an RSM to construct experiments on
a statistical basis in this work. A small number of trials can be
used to obtain the correlation between variables and re-
sponses, which can then be easily displayed using the surface

contour plot. Herein, the optimization was carried out via
FCCCD under 26 runs of experiments over 0.5B-FSN catalyst
with three independent parameters: reaction temperature (A),
GSHV (B), and H,/CO, ratio (C). The experimental results at
corresponding experimental conditions were indicated in
Table S2, along with the design response (Yield CHy, Y).

The final regression function for response in terms of coded
factors and actual factors was constructed as Eq. (4) and Eq. (5),
respectively, using regression analysis to fit the response.

Yield CH, =82.76 — 0.18A + 1.77B — 1.37C — 1.02AB — 2.97AC

+2.10BC — 10.91A? — 6.96B + 0.19C?
()
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Yield CH, = — 1103.38410 + 4.51706 (Temperature)
CO,

4 5.36548%(GHSV) + 13.35288 <H—>
2

— 3.41667° (Temperature * GHSV)

—0.029750 (Temperature ¥ %)
2

+ 1.75000* (GHSV * %)

2
—4.36585% (Temperature?)

2
—1.93462 (GHSV?) + 0.046341 (CH—O; )

Upon implying this process, the results were obtained in
the form of analysis of variance (ANOVA), suggesting the ef-
fect of parameters and their interaction. ANOVA was used to
assess the statistical significance of the FCCCD model, as
shown in Table S3, which also included a quadratic response
surface model that can be utilized to navigate the design
space. The larger calculated F—value (Fnoger = 72.18) as
opposed to the tabulated F—value (Fipe = 2.55) for the
considered probability (p = 0.05) and degree of freedom sug-
gests that the quadratic regression model was significant, as
demonstrated by ANOVA results. Based on the significant
p—Vvalues, it can be concluded that the quadratic polynomial
models, particularly A? and B? provided a good approximation
for the investigated response, as they are in excellent agree-
ment with reasonably high coefficients of multiple determi-
nation (R?) of 0.98%, close to 1 for the yield of CHy The
predicted R? (0.94) was found to be an inequitable agreement
with the adjusted R? (0.96), implying that this model was a
good statistical one [42].

Because the majority of the points were positioned on the
plot's straight line, the results from the predicted against
actual plot depicted in Fig. 9A showed an excellent correlation
between actual and predicted values. As a result, the models
are deemed adequate for predicting and optimizing metha-
nation [43]. Fig. 9B also depicted the plot of the normal prob-
ability of the CH, yield in order to assess the competency fit for
the proposed model. The normal distribution of residuals with
acceptable equal variance is revealed by the trend depicted in
this figure. Apart from equal scatter above and below the x-
axis, Fig. 9C shows no obvious pattern or unusual structure.
This indicates that the proposed model is sufficient, and there
is no reason to believe that the independence or constant
variance assumptions have been violated [42].

The effect of several process factors on the production of
CH, may be seen in the contour and three-dimensional sur-
face plots (Fig. 10). The increase in temperature (A) and GHSV
(B) seem increased the yield of CH, with the maximum yield of
84.31% was achieved at 500 °C and GHSV of 10,500 mL g *h™?,
respectively. Due to CO, methanation is exothermicin nature,
further increased of both variables reduced the yield of CH,.
While, keep increasing the H,/CO, ratio to a maximum 6:1 and
temperature until 500 °C increased the yield of CHy to a
maximum 81.76%. However, the yield of CH, decreased by a
further increase in temperature, this may be due to the reac-
tion reversed to produce syngas. Similar results were observed

when the H,/CO, ratio was interacted with GHSZ, whereby the
maximum vyield of CH, was achieved at GHSV of
10,500 mL g > h™™.

Based on the abovementioned results, the optimum con-
dition was obtained at temperature 500 °C, GHSV of
10,500 mL g * h™?, and H,/CO, ratio of 6, attaining the highest
percentage of CH, at 84.31% (Table S4). Four confirmation runs
were carried out to ensure that the model was adequate (Table
S5). To determine the error, the predicted values were
compared to the experimental values, yielding a literally
minimal error ranging from 0.46 to 11.43%. As a result, the
created empirical models for CO, hydrogenation to CH, were
reasonably accurate, as all actual values for the confirmation
runs were within the 94% prediction interval.

Conclusion

In this study, boron was loaded onto a fibrous-silica-nickel (B-
FSN) catalyst, and its behaviour on the FSN surface was
examined in detail towards CO, hydrogenation to methane.
Characterization results exhibited that the appropriate boron
dispersion near the nickel particles is an important factor in
enhancing the methanation. From the in-situ FTIR study, it
could be decided that the adsorption of CO, was accelerated
onto boron which afterward cooperated with the dissociated
hydrogen atom from the nickel species to form intermediates
before dehydrating and performing consecutive hydrogenation
to give the final product of methane. These sequential reactions
occurred rapidly, thus the coke formation could be controlled.
The optimization via the hybrid approach of the FCCCD and
RSM presented that reaction using H,/CO, ratio of 6, GHSV of
10,500 mL gt h™?, at 500 °C gave the highest percentage of CH,
of 84.3%. The less error between predicted and experimental
values (<11%) revealed that the developed empirical models
were reasonably accurate for CO, methanation.
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