PP catalysts

Article

The Efficiency of Carbon Conversion and Hydrogen Production
from Tar Steam Reforming of Biomass Using Ni-Based
Catalysts with Alkaline Earth Promoters

Afizah Alir "2, Tuan Amran Tuan Abdullah 1'>*, Anwar Johari 12, Mohamed Yusuf Mohamud 12

Melissa Low Phey Phey 12, Walid Nabgan 3, Francisco Medina 3*

check for
updates

Citation: Alir, A.;

Tuan Abdullah, T.A.; Johari, A.;
Mohamud, M.Y.; Phey, M.L.P.;
Nabgan, W.; Medina, F.; Ikram, M.
The Efficiency of Carbon Conversion
and Hydrogen Production from Tar
Steam Reforming of Biomass Using
Ni-Based Catalysts with Alkaline
Earth Promoters. Catalysts 2023, 13,
472. https://doi.org/10.3390/
catal13030472

Academic Editor: Binlin Dou

Received: 12 January 2023
Revised: 19 February 2023
Accepted: 20 February 2023
Published: 23 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

and Muhammad Ikram *

Centre of Hydrogen Energy, Institute of Future Energy, Universiti Teknologi Malaysia,

Skudai 81310, Johor, Malaysia

Faculty of Chemical and Energy Engineering, Universiti Teknologi Malaysia, Skudai 81310, Johor, Malaysia
Departament d’Enginyeria Quimica, Universitat Rovira i Virgili, Av. Paisos Catalans 26,

43007 Tarragona, Spain

Solar Cell Applications Research Lab., Department of Physics, Government College University Lahore,
Punjab 54000, Pakistan

Correspondence: tuanamran@utm.my (T.A.T.A.); francesc.medina@urv.cat (F.M.);
dr.muhammadikram@gcu.edu.pk (M.L.)

Abstract: H, production can be used as a clean and renewable energy source for various appli-
cations, including fuel cells, internal combustion engines, and chemical production. Using nickel-
based catalysts for steam reforming biomass tar presents challenges related to catalyst deactivation,
poisoning, heterogeneous composition, high process temperatures, and gas impurities. To over-
come these challenges, adopting a nickel-based catalyst with selected oxide support and MgO and
CaO promoter is a promising approach for improving the efficiency and sustainability of steam re-
forming for hydrogen production. The majority of studies conducted to date have focused on the
steam reforming of particular tar compounds, most commonly benzene, phenol, toluene, or naph-
thalene, over a range of support catalysts. However, the actual biomass tar composition is com-
plex, and each component impacts how well steam reforming works. In this research, a multi-
compound biomass tar model including phenol, toluene, naphthalene, and pyrene underwent a
steam reforming process. Various types with 10 wt.% of nickel-based catalysts were generated by
the co-impregnation technique, which included 90 wt.% different oxide supports (Al,O3, LapO3, and
ZrOy) and 10 wt.% of combination alkaline oxide earth promoters (MgO and CaO). Thermogravimet-
ric analysis, Brunauer-Emmett-Teller (BET) method, N, physisorption, temperature-programmed
reduction (H,-TPR), temperature-programmed desorption (CO,-TPD), and X-ray diffraction (XRD)
of ni-based catalyst characterized physiochemical properties of the prepared catalyst. The reaction
temperature used for steam reforming was 800 °C, an S/C ratio of 1, and a GHSV of 13,500 h1.
Ni/La;O3/MgO/CaO (NiLaMgCa) produced the most carbon to-gas conversion (86.27 mol%) and
H; yield (51.58 mol%) after 5 h of reaction compared to other catalysts tested in this study. Addi-
tionally, the filamentous carbon coke deposited on the spent catalyst of NiLaMgCa does not impact
the catalyst activity. NiLaMgCa was the best catalyst compared to other catalysts investigated, ex-
hibiting a stable and high catalytic performance in the steam reforming of gasified biomass tar. In
conclusion, this study presents a novel approach by adding a combination of MgO and CaO promot-
ers to a ni-based catalyst with various oxide supports, strengthening the metal-support interaction
and improving the acid-base balance of the catalyst surface. The mesoporous structure and active
phase (metallic Ni) were successfully developed. This can lead to an increase in the conversion of
tar to H; yield gas and a decrease in the production of undesired byproducts, such as CH4 and CO.

Keywords: nickel; alkaline earth promoter; steam reforming; tar; hydrogen; carbon conversion;
CaO; MgO
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1. Introduction

Limitation supply of fossil fuels promptly and accompanying environmental issues
such as global warming and climate change have become global fears. Energy consump-
tion is rapidly growing because of rapid economic development and the expansion of the
global population. However, environmental issues about the depletion of fossil resources
and large greenhouse gas emissions are growing [1,2], which should be addressed by pro-
ducing clean and renewable energy. Contamination of the syngas with pollutants, such as
tar, ash, compounds containing nitrogen and sulfur, and particularly tar, is entirely intol-
erable [3]. Tar is a complex mixture of chain hydrocarbons, aromatic hydrocarbons, and
heterocyclic organic material. It is a complex mixture of oxygenated and condensable aro-
matic HCs that condenses at low temperatures, causing issues with the process [4]. For
instance, filter clogging, equipment clogging downstream, and coke deposition on the cat-
alyst downstream. In addition, tar contains amounts of polycyclic aromatic hydrocarbons,
which are dangerous to human health and pollute the environment. These compounds
include phenol, aldehydes, and formaldehyde [5-8]. For converting HCs into Hp-rich gas,
the removal of tar by steam reforming is a promising technology [9]. Steam reforming is
said to have a higher H, output [10,11]. It is the most advanced and attractive method
available that offers a conversion mechanism for liquid HCs.

Natural biomass tar has a complex composition. Each of its components affects how
well the steam reforming performs. Many recent analysis studies focus on steam reforming
using one or two tar model compounds, often phenol, benzene, toluene, or naphthalene,
in conjunction with utilizing different supporting metal catalysts [12]. A previous study
has attempted to determine how the feedstock’s composition affects the catalytic perfor-
mance during steam reforming. According to their findings, compared to individual feed
chemicals, the mixture of toluene and naphthalene affected the catalytic activity and de-
creased feed conversion [13-16]. Thus, this opens a new research dimension to focus on
the mixture of major tar components.

The availability of catalysts that provide a more effective steam reforming has led
to the development of numerous catalysts. Thus, obtaining a catalyst with excellent sta-
bility that is both selective for H, and resistant to coke deposition is incredibly challeng-
ing. [17,18]. Ni-based catalysts have been widely utilized in steam reforming, although
the creation of coke can deactivate their active sites [17,19]. The catalyst’s support is also
a crucial component. Support influences the dispersion of active metal particles and the
catalytic reaction. Yet, the crucial support material considerations for good catalyst forma-
tion are pore structure, acidity-basicity, and metal support interaction. However, some
supports, such as Al30,, encourage the formation of coke. Moreover, the high operating
temperatures used in biomass gasification may cause the support to collapse or result in
the formation of bigger metal clusters, which promotes sintering due to a loss in metal
dispersion. Hence, catalyst supports are modified with promoters to lessen some of these
effects for better tar reforming catalyst performance, or by lowering the reaction temper-
ature [20]. In this study, Ni-based catalysts were supported with three different types
of supports, including lanthanum oxide (La;O3), alumina (Al;O3), and zirconia (ZrO5).
These oxides are thermally stable, can withstand the high temperatures required for steam
reforming reactions, and have a high surface area, which helps to increase the number
of active sites available for catalytic reactions. A previous study showed that Al,O3 and
LayO3 supported catalysts to produce a low level of CHy gas due to their excellent ability
to reform produced CHy. Even though nickel-based catalysts with La,O3 support have
a small BET surface area, the basicity of it was essential to promote the catalytic activity
in steam reforming [21]. Studies regarding the nickel-based catalyst supported by ZrO,
illustrate that large pore size improved bio-oil bulky molecule accessibility to Ni sites, re-
sulting in enhanced catalytic activity [22]. According to recent findings, adding alkaline
earth metal oxides such as MgO and CaO as a promoter could lessen the catalyst’s acidity,
improve the steam-carbon reaction, and favor H,O adsorption and OH mobility on the sur-
face. These effects, in turn, boost the coke suppression rate and catalytic stability [16,23,24].
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The presence of alkaline earth metal oxides could enhance the activation of the main hy-
droxyl group and C-H bond, resulting in good catalytic performance, according to reaction
kinetics from a prior study [25]. Additionally, it favors H, generation by adsorbing CO,,
which causes the reaction of WGS thermodynamic equilibrium to shift in favor of H, pro-
duction [26,27]. The MgO addition to Ni/Al,Os is responsible for the catalyst’s sintering
resistance property, according to a previous study by Nogueira et al. This property allows
the catalyst to produce stable steam reforming of acetic acid with 91% conversion for a
24 h reaction time at 600 °C catalyst temperature. MgAl,O4 is produced when MgO is
present, which prevents the creation of coke [28]. According to a study by Baidya et al.,
complete conversion of toluene was achieved at 800 °C with the combination of the pro-
moting effects of both CaO and CeO; on the surface of Ni/CARBO HSP support, and the
conversion rate only decreased by 7% after 48 h of reaction time [29]. CaO is a stronger
promoter with higher basicity, which can enhance the catalytic activity and selectivity of
a catalyst. However, CaO is also more prone to sintering and deactivation, and is more
susceptible to poisoning by impurities in the feedstock. In contrast, MgO is typically more
stable and less expensive, making it a more appealing choice for high-temperature and
prolonged catalytic processes. MgO is also less likely to form compounds with impurities
in the feedstock, which can improve the longevity and activity of the catalyst. In this study,
combination of both MgO and CaO as promoters of modified catalyst insteam reforming
of the multi-compound biomass tar model was investigated to see the performance of the
catalyst Hj yield, carbon conversion percentage as well as coke formation in spent catalyst.

This work aims further to improve the catalytic activity of the ni-based catalyst. There-
fore, we prepare a series of catalysts modified by various oxide support (Al,O3, ZrO, and
La;O3) and a combination of alkaline oxide earth (MgO and CaO) and deeply investigate
the effect of promoters on catalytic performance under the mixture of biomass tar steam
reforming process. Finally, the stability of the catalytic performance of modified catalysts
with improved activity and coke formation was assessed.

2. Results and Discussion
2.1. Catalyst Characterization

All TGA was used to assess the thermal stability of the catalyst. As seen in Figure 1,
multiple stages of decomposition were demonstrated by a ni-based catalyst. The subse-
quent pathway offers an explanation for this, including; the dehydration of intermediate-
type nickel nitrate (II) hydrate (Ni (NO3),-xH,O), denitration of nickel nitrate (Ni (NOg3);),
decomposition of nickel (NipO3) and finally the formation of nickel oxide (NiO). The weight
loss observed was categorized into two stages: below 200 °C and above 200 °C, as listed in
Table 1. The initial weight loss happened below 200 °C caused by thermal dehydration of
physically absorbed water and volatile contaminants throughout the synthesis pathway.
The weight loss of catalyst above 200 °C occurred from the conversion of amorphous to
crystalline phase such as nickel nitrate hexahydrate to nickel oxide (NiO). Figure 1 also
shows that the zero weight changes are seen at temperatures more than 750 °C, suggest-
ing that the catalysts were fully decomposed. Catalysts must be calcined at an optimum
calcination temperature of 750 °C to allow for complete nickel oxide phase formation and
the catalyst’s structure and textural properties. Results also show that catalysts with pro-
moters have a more significant weight loss than those without promoters. The addition of
MgO and CaO promoters also has some drawbacks. The high-temperature operation of
the catalyst can lead to increased sintering, resulting in higher weight loss in TGA analysis.
This can be due to the sintering of the active Ni species and the formation of larger, less
active particles. In contrast, Ni-based catalysts with La,O3, ZrO, and Al,O3 support with-
out promoters may have lower weight loss due to their lower sintering rate and smaller
active surface area. This can result in a longer catalyst lifetime and lower catalytic activity
than catalysts with MgO and CaO promoters.
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Figure 1. (a) TGA graph of fresh Ni-based catalyst with MgO and CaO promoter; (b) TGA graph of
fresh Ni-based catalyst without MgO and CaO promoter.

Table 1. Weight loss (%) of fresh catalyst by TGA.

Weight Loss (%)
Catalyst Overall Weight Loss (%)
Below 200 °C Above 200 °C
NiLa 2.02 23.11 25.13
NiZr 8.71 16.16 24.87
NiAl 6.93 14.17 21.10
NiLaMgCa 11.19 29.39 40.57
NiZrMgCa 10.55 18.70 29.25
NiAlMgCa 12.06 19.88 31.94

H,-TPR was then used to describe the reducibility of the calcined catalysts. The find-
ings demonstrated that the catalysts had multiple-stage reduction between 300 and
1000 °C due to varying degrees of reducible metal oxide-support interaction. As reported
by other researchers, it is interesting to notice that the reduction peak in the H,-TPR study
shifts toward a higher temperature range with adding MgO and CaO promoters [30].
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Figure 2 illustrates the TPR profiles for a specific temperature range. The free-state
NiO particle (phase I; <300 °C) is the easiest to reduce based on reduction efficiency [31,32],
followed by the bulk NiO particle that decreases in contact area (phase 1I; 300-450 °C) [33]
and followed by the next stage (phase III; 450-600 °C) which was NiO reduction that had
substantial interaction with the support [34,35]. Finally, solid solution (NiO-MgO and NiO-
CaO) [36,37] and spinel type NiO (spinal made of NiLayOy4) [34,38,39] are the most difficult
toreduce (phase IV; >600 °C). With the significant peak measured at 645 °C, the NiLaMgCa
catalyst had the highest reduction temperature among catalysts. The reduction of non-
stoichiometric spinel-type metals is responsible for these findings. It is possible that the
promoter species covering the Ni surface prevents the catalyst from being reduced, causing
the reduction temperature to rise at higher metal compositions [40]. As a result, the pro-
moter’s composition accounts for the more prominent peak at this temperature range than
other catalysts [41]. The NiLaMgCa catalyst demonstrated free NiO’s presence and sug-
gested that until the maximum structural limit was reached in the low-temperature region,
the gradual oxygen loss could be correlated with H, consumption (phase II) [42]. NiOx is
typically only partially reduced to metallic Ni at lower reduction temperatures, whereas
metallic Ni agglomeration causes the catalyst to deactivate at higher temperatures. Thus,
the reduction temperature used in this investigation for all catalysts was 750 °C.
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Figure 2. H,-TPR profiles of the calcined catalyst.

Figure 3 illustrate the crystalline phase of the ni-based catalyst modified with support
and promoters. To determine the catalytic activity during the steam reforming of gasified
biomass tar; it is shown that selecting the right support material was more critical than
textural aspects. As shown in Table 2, the XRD analysis determined that Ni crystalline
and Ni dispersion sizes were 27.64-53.11 nm and 1.9-2.68%, respectively. The presence of
NiAl,O4 on the NiAlMgCa catalyst at 26 = 32.1° and 39.5°, as shown in XRD profiles, indi-
cates that NiO interacted with Al,O3 to produce the spinel during calcination and that it
cannot be reduced entirely at 900 °C. Addjitionally, the NiLaMgCa and NiZrMgCa catalysts
did not exhibit any CaO characteristic peaks, indicating that CaO is either well dispersed
or is present as an amorphous structure in these catalysts [23,43,44]. For NiZrMgCa cat-
alysts, the hydroxylation of water humidity during handling and storage has formed the
portlandite phase, notably Ca(OH),. Due to the hygroscopic nature of the La,O3 support,
lanthanum hydroxide (La(OH)3) was expected to emerge in NiLaMgCa [23].
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Figure 3. Crystalline phase of XRD profile reduced catalyst; Ni (ll); MgO (e); CaO (¥); Ca(OH); (¢);
AL Oj; (A); NiAL Oy (x); LayO3 (O); La (OH); (O); NiLapOy (m); ZrO; (A).

To sustain the catalytic activity, the adsorption of CO, on the catalyst surface is also
crucial, and different NiO content shows various basicity strengths [45,46]. CO,-TPD anal-
ysis was conducted to quantify the basic sites of the modified catalysts shown in Figure 4.
Interaction between the basic sites and CO, is revealed by the correlation between the
strength of the basic sites and the peak position [47]. As shown in Figure 4, weak and
strong basic strength desorption is associated with temperatures below 250 °C and above
400 °C. It is observed that for catalyst NiAIMgCa desorbed CO; at 488 °C and 747 °C, at-
tributed mainly to the weak basic sites. NiAIMgCa catalyst shows that doping Al,O3 with
base metal oxides (MgO and CaO) as a promoter suppresses or neutralizes the Lewis acidic
centers, which helps activate the C-H bond in tar hydrocarbons compared to the NiAl cat-
alyst that shows no based sites [45,46]. The NiZrMgCa catalyst indicated that the CO, des-
orption peak was at 691 °C. NiZrMgCa shows a basicity peak at a high temperature, which
suggests that the basic sites on the catalyst surface are thermally stable and persist at high
temperatures compared with NiZr, which typically shows no basicity peak. NiLaMgCa
catalyst showed a broad asymmetric desorption peak at 474 °C, extending to 747 °C. In
comparison, the NiLa catalyst only showed a peak at 455 °C because no addition of MgO
and CaO promoter contributes less basicity in the catalyst. The order of the catalyst’s to-
tal number of basic sites was NiLaMgCa > NiZrMgCa > NiAlMgCa > NiLa > NiZr > NiAl.
The addition of MgO and CaO as promoters increased the basicity sited of the catalyst
compared to those without a promoter, as reported in the previous study [24,34,48-52].
The result suggested that higher basicity likely contributes to high catalytic performance
by enhancing steam coke reaction, suppressing coke formation, improving tar conversion,
higher hydrogen yields, and lower carbon monoxide production in steam reforming pro-
cesses. When MgO and CaO were added as promoters to a nickel-based catalyst, they can
modify the nickel surface properties and catalyst surface basicity of nickel. This can result
in stronger adsorption of CO, molecules on the catalyst surface and higher activation en-
ergy required for the desorption of CO,. As a result, more energy is needed to heat the
catalyst to a temperature at which CO; desorption occurs, and this desorption temperature
shifts to a higher temperature. This result demonstrates that catalysts with alkaline earth
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promoters exhibit superior catalytic activity for H, production compared to catalysts that
only utilize oxide supports.
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Figure 4. CO,—TPD profiles of reduced catalyst.

Textural characteristics of reduced catalyst were analyzed using Ny physisorption
isotherms as presented in Table 1. Compared to other reduced catalysts, the NiAIMgCa
catalyst had the largest. Catalyst with Al,O3; support shows a larger BET surface area
than other supports material. In comparison, this catalyst, with adding of MgO and CaO,
had a smaller BET surface area (68.57 m?/g) and pore volume (0.23 cm3/g) compared to
the catalyst without the promoter, which was BET surface area (92.95 m?/g) and pore vol-
ume (0.27 cm®/g). Adding MgO and CaO to a nickel-based catalyst can lead to a lower
BET surface area but probably have better catalytic activity. This is because the promoter
can modify the structure and composition of the active sites, leading to the formation of
more active nickel species, thus increasing the catalytic activity. In addition, the promoter
can also increase nickel dispersion on the Al,O3; support, leading to a more uniform dis-
tribution of active sites, consequently improving the catalytic activity. Furthermore, the
BET surface area of catalysts increased in the order of NiZr < NiLa < NiAl < NiZrMgCa
< NiLaMgCa < NiAlMgCa. Figure 5 illustrates the reduced catalyst’s Brunauer-Joyner-
Halenda (BJH) pore size. NiAIMgCa probably has greater catalytic characteristics about
the specific surface area. This is because a larger surface area increases the probability of
a collision between the reactants in contact with the catalyst surface; Carb structures with
pores that range in size from 2 nm to 50 nm. Every catalyst analysis in this study provided
evidence that the mesopore structures were successfully developed. A mesoporous struc-
ture that forms on the catalyst during the steam reforming reaction considerably impacts
the reactant and heat diffusion. In addition, good resistance to coke formation and Ni sin-
tering large surface areas of mesoporous catalysts can also make them more efficient at
adsorbing and desorbing reactants and products, which can improve the selectivity of the
catalytic reaction [53,54].
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Table 2. Summary of characterization finding in this study.

Catalyst BET Surface Area Pore Volume Average Pore Size  Ni crystallite Size Ni Dispersion

(m2/g) 1 (cm3/g) 2 (nm) 3 (nm) 4 (%) °

NiLaMgCa 15.80 0.184 46.57 37.64 2.68

NiAlMgCa 68.57 0.23 13.42 39.46 2.56

NiZrMgCa 5.48 0.035 25.51 53.11 1.90
NiLa 28.85 0.16 22.18 - -
NiAl 92.95 0.27 11.62 - -
NiZr 9.79 0.082 33.65 - -

1 Determined by p/po of 0.05-0.30 using BET equation by assuming the N, molecule cross-sectional area
of 0.162 nm?. 2 Determined at the highest p/po of 0.99. 3 Pore size = (4000 x pore volume)/BET surface
area [23]. * Calculated from Ni (111) at 20 = 44.5° by the Scherrer equation, crystallite size = 0.89A/Bcos0.
5 Dispersion = 101/crystallite size, assuming that Ni particles exhibit a spherical geometry.

2.2. Catalytic Activity

Figure 6 provides the average values of total gas production, carbon conversion to
gas, and Hj yield for different catalysts throughout the 5 h steam reforming duration of tar
model compounds produced via biomass gasification. The following is a ranking of the cat-
alytic performance during carbon gasification; NiLaMgCa > NiZrMgCa > NiAlMgCa. Nev-
ertheless, the order of the H; yield for each catalyst was NiLaMgCa > NiAlMgCa > NiZr-
MgCa. Despite having a small surface area (15.80 m?/g) and pore volume (0.184 cm3/g), the
NiLaMgCa catalyst produced total gas production (96.67 mmol/mL,), had the highest car-
bon to gas conversion (86.27%), and had the highest H yield (51.58%) of all the catalysts
tested. It is shown that while steam reforming gasified biomass tar, selecting the suitable
support and promoter material has a more significant impact on the catalytic activity than
textural aspects [21,55]. Table 3 shows the previous study regarding the catalytic steam re-
forming of tar and its catalytic performance. Nickel-based catalysts supported with LayO3,
Al,O3, and ZrO, can effectively catalyze the steam reforming of biomass tar, producing
high H; yields and having good catalytic activity. These catalysts are also known for their
thermal and chemical stability and resistance to poisoning and sintering, which improves
the durability of the catalyst.
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Figure 6. Carbon conversion to gas, H; yield, and total gas production from biomass module tar
steam reforming over Ni-based catalyst (reaction condition: temperature = 800 °C; S/C ratio = 1;
GHSV =13,500 h~1).

Table 3. Previous studies of Ni-based catalyst tar steam reforming of biomass and the
catalytic performance.

Catalyst Condition Catalytic Performance Ref.
Ni/dolomite,
E;;jgigﬁﬁjﬁ?g& Toluene/pyrene/naphthalene/phenol Carbon conversion = 58.84-77.6% 23]
23, - or. P = : — L 0,
Ni/dolomite/CeO,, Temperature =700 °C; S/C molar ratio =1 H, yield = 55.44-66.20%
Ni/dolomite/ZrO,
Ni/ CHA-t, Ni/Al,O3, Toluene 11 _ 10 =H0
Ni/SiO, Temperature = 650-800 °C; S/C =2 H yield = 48-52% [56]
Phenol, toluene, indene, furfural, L o
Ni/Al,O3 methylnaphthalene CarboIr; Co?ézrzlg?1;$3_75 o [48]
Temperature =750 °C; S/C =2 2y ©
Ni/ZrO,, Ni/Co/ZrO, Phenol H, yield = 25-50% [57]

Temperature = 600 °C; S/C=1.7

Figure 7 represents the average selectivity toward the gaseous product and the H,/CO
molar ratio of the reformate made by steam-reforming gasified biomass tar over 5 h over
various catalysts. The major gaseous products, as seen, were H; (37.6-37.7 mol%) and
CO (49.34-49.4 mol%) followed by CO, (10.2-10.3 mol%) and CHy (2.8-2.83 mol%). Ac-
cording to the findings, steam reforming and the WGS reaction constitute the main re-
actions in the process. [20,53,58]. CHy also showed that only a small amount could be
detected because it was further converted into H; and CO during the methane steam re-
forming [23,59]. Additionally, all catalysts in this study showed a lower H,/CO molar ratio
(0.762-0.763) than the stoichiometry value. The gas may undergo incomplete conversion,
and catalysts may not be able to convert all of the biomass tar into syngas, resulting in
a lower H,/CO molar ratio. Syngas with a low H,/CO ratio can be used as feedstock to
produce chemicals such as ethanol [60]. To enhance the H/CO ratio, modifications can
be made to the steam reforming process, such as expanding the steam-to-biomass ratio
(S/C ratio). [61-63]. The CO; constituent of reformate (10.2-10.3 mol%) produced in this
work is slightly low, as described in the literature, which ranges from 10% to 25% accord-
ing to other researchers [51,64,65].
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Figure 7. Selectivity of the gaseous products and the H,/CO molar ratio from the biomass module
tar steam reforming over Ni-based catalyst (reaction condition: temperature = 800 °C; S/C ratio = 1;
GHSV =13,500 h—1).

Figure 8 illustrates how the amount of carbon converted to gas and H, generated
varies over time. Over the time of the 300 min of reaction, various patterns were seen for
all catalysts in the production of Hy and the conversion of carbon to gas: (i) relative con-
sistency over NiLaMgCa and NiAIMgCa for the hydrogen yield, (ii) inconsistent trend of
carbon conversion to gas for NiAIMgCa and NiZrMgCa, (iii) slightly increased trend over
NiLaMgCa of carbon conversion to gas. ZrO; support in NiZrMgCa can be highly reac-
tive with steam injected into the reactor continuously, leading to instability under reaction
conditions. It caused the trend for carbon conversion and hydrogen yield to be incon-
sistent over time. The catalyst of NiLaMgCa is known for its high thermal stability and
low diffusion coefficient for carbon, which can help maintain the catalyst’s stability during
the carbon conversion reaction and reduce carbon accumulation over time. Additionally,
LayO3 can also help to improve the dispersion of the Ni particles on the support and has a
lower tendency to promote the sintering of the Ni particles than Al,Os.

(b)
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Figure 8. (a) Carbon conversion to gas for 5 h experiment; (b) hydrogen yield production for 5 h
experiment (reaction condition: temperature = 800 °C; S/C ratio = 1, GHSV = 13,500 h’l).
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2.3. Characterization Spent Catalyst

Following the 5 h catalytic activity test, each coking resistance of the catalyst and the
characteristics of the coke deposited on it were examined using TGA (in the air), as shown
in Figure 9. The catalyst weight loss is related to the oxidation of the deposited coke during
the TG analysis. Coke deposited on the catalyst surface falls into two categories: amor-
phous carbons, which were oxidized below 550 °C, and filamentous carbons, which were
oxidized between 550-750 °C [23]. According to published research, amorphous carbon
deactivates the catalyst, but filamentous carbon has little effect on deactivation but causes
reactor blockage and pressure drop [18]. All utilized catalysts, except for the NiAIMgCa
catalyst, showed a weight increase in the area of amorphous coke. This could be as a result
of (i) the oxidation of metallic Ni particles to produce NiO species, (ii) LapO3 and CO, re-
act to generate LayO,COj in a chemical reaction, and (iii) carbonation of CaO results in the
production of CaCOj3. According to Figure 9, the weight obtained by synthesizing CaCOj3
in the area of amorphous carbon is beneficial.

Figure 9 shows that only the region of filamentous carbon experiences weight loss
from using the NiLaMgCa catalyst. Additionally, the NiLaMgCa catalyst lost the low-
est weight compared to other used catalysts. The type of coke presented in NiLaMgCa
is confirmed in Figure 10. The wasted NiLaMgCa catalyst may have produced the least
coke as a result. This is because MgO and CaO absorb CO; to generate active carbon-
ate species, which help to gasify coke accumulated on the catalyst by supplying oxygen
atoms [66]. Furthermore, NiLaMgCa catalyst with a more significant total number of basic
sites also inhibits coke production by accelerating the steam-coke reaction and obstructing
the oligomerization phase [67-69]. Fortunately, coke deposition-induced catalyst deacti-
vation is typically reversible, and the coke can be easily removed by air (O,) oxidation. In
most industrial operations, coke is usually burnt off with air to reactivate the used cata-
lyst [70]. An additional element for the suppression of coke is the reaction of La,O,COj3
with carbon deposits on the adjacent Ni sites. Thus, it is more stable and active during
steam reforming [67,71]. Equations (1) and (2) describe the process underlying the Lay;Os
support ability to inhibit coke [23,67]

La203(s) + COz(g) <~ L3202C03(S) 1
La202CO3(S) + C(S) <~ La203(5) + 2C0(g) (2)
Amorphous cabon Filamentous
: -

100 T
1
1
|
~ 95- :
= 1
e 1
z 1
- |
= 90 :
%‘5 |
= :
1

85 - —NiAlMgCa

——Nizrj1gCa

Nl ,u:\-’l gCa

80

Temperature (°C)

Figure 9. TGA analysis of spent catalyst after 5 h tar steam reforming.



Catalysts 2023, 13, 472

12 of 18

Figure 10. Field emission scanning electron microscopy (FE-SEM) of NiLaMgCa spent catalyst.

Additionally, the Al,O3 support strong acidity promotes the dehydrogenation of hy-
drocarbon into coke over metal phases, which causes the NiAIMgCa catalyst to lose weight.
As a result, amorphous coke is deposited on the NiAIMgCa catalyst, which is why the cat-
alytic activity is diminishing [23,72]. While both amorphous and filamentous carbon were
seen on the spent NiAIMgCa catalyst, only filamentous carbon was evident on the spent
NiLaMgCa catalyst, correlating with the result from the TGA analysis.

The redox capability of the ZrO, support is responsible for the weight loss associated
with filamentous coke deposited on the NiZrMgCa spent catalysts [20,23,73]. The reactions
described in Equations (3) and (4) are redox reactions, which imply that electrons were
transferred from one species to another. In steam reformation, the water dissociates on the
oxygen vacancies on the support, forming an oxygen lattice. Next, the generated oxygen
lattices expanded into the Ni sites to help prevent coke formation [23,74]. Below are the
reversible process (Equation (3)) and coke removal reaction (Equation (4)).

MO; > MO;_x(s) + Oz (g) 3)

Cis) T Ox(g) = Ox—1(g) * COg) (4)

Additionally, Equation (3) describes the reduction of metal oxide (MO,) to reduced
metal oxide (MO, _x) with the release of oxygen gas (O;). The transfer of electrons from
MO, to MO,_y during this reaction further demonstrates the ZrO; support has the ability
to sustain redox reactions. In Equation (4), Ox is lattice oxygen on the support surface; C)
is deposited carbon on the catalyst, and Oy_; is the reduced site of support. This reaction
helps prevent the carbon from depositing on the catalyst surface as coke, which would
otherwise reduce its effectiveness. NiLaMgCa is the best catalyst for steam reforming of
gasified biomass tar among those tested in this study, according to the findings of charac-
terization, activity testing, and coke formation studies.

3. Materials and Methods
3.1. Catalyst Preparation

Based on the composition shown in Table 4, the co-impregnation process was used
to create the 10 wt% Ni-based catalysts. The Ni precursor utilized was nickel nitrate hex-
ahydrate (Ni (NO3)26H,0) (99%, SigmaAldrich, St. Louis, MO, USA). The catalysts were
prepared using g-Al,O3 (99.9%, Merck, Rahway, NJ, USA), La;O3 (99.9%, SigmaAldrich),
and ZrO, (99%, SigmaAldrich) as promoters, along with a variety of oxide supports. First,
deionized water was combined with the active metal, the oxide support, and the alkaline
earth promoter (MgO and CaO). The mixture was constantly agitated at 90 °C until it be-
came a viscous paste. The paste was then completely dried at 110 °C for 12 h After drying,
the dried catalyst was calcined at 750 °C for 3 h in the mulffle furnace. The catalyst was



Catalysts 2023, 13, 472

13 of 18

then sieved into particles of a size between 34-35 mesh after being pelletized, powdered,
and sieved.

Table 4. The weight percentage of each catalyst composition.

Ni MgO CaO A1203 La203 ZI'02

Catalyst Symbol (Wt.9%) (wt% (Wt.%) (Wt.%) (Wt.%) (Wt.%)
Ni/MgO/CaO/Al,O3 NiAlMgCa 10 5 5 80 - -
Ni/MgO/CaO/LayO3 NiLaMgCa 10 5 5 - 80 -
Ni/MgO/CaO/ZrO, NiZrMgCa 10 5 5 - - 80

Ni/Lay;Os NiLa 10 - - - 90 -

Ni/AlO3 NiAl 10 - - 90 - -

Ni/ZrO, NiZr 10 - - - - 90

3.2. Catalyst Characterization

Using a thermogravimetric analyzer, the previously calcined and spent catalysts un-
derwent thermogravimetric analysis (TGA) (Shimadzu TG-50, Kyoto, Japan). Continual
airflow was used to heat each catalyst in-situ at a rate of 10 °C/min. It was found that
the weight of the catalyst decreased during the temperature range of 30-900 °C. Utilizing
a chemisorption analyzer (Micromeriticshemisorb 2720, USA) fitted with a thermal con-
ductivity detector (TCD), temperature-programmed reduction (TPR) analysis was carried
out. To get the TPR profile, the calcined catalyst was heated between 250 and 950 °C at a
linearly programmed rate of 20 °C/min while flowing at a rate of 20 mL/min of 10 vol%
H,/Ar. Helium (He) flow was supplied to the calcined catalyst at 300 °C for 30 min before
the reduction process to rid the catalyst surface of impurities and moisture.

The textural properties of the reduced catalyst were investigated using the Beckman
Coulter SA3100 surface area analyzer and N as the adsorptive gas. To clean up impuri-
ties from the catalyst surface, the reduced catalyst was degassed at 300 °C with helium
(He) flow for 1 h before each analysis. The N, adsorption was carried out by liquid Np
temperature at 77 K throughout a relative pressure between 0-1.

Micromeritics Chemisorb 2720 equipment was used for the analysis of temperature-
programmed desorption of carbon dioxide (CO,-TPD). The reduced catalyst was purged
for 30 min at 300 °C in a He flows to eliminate the impurities that had been adsorbed.
The excess CO, was first eliminated by being purged with He for an additional 30 min
after the reduced catalyst had been saturated with 20 mL/min of pure CO, at 50 °C. Then,
using a linear heating rate of 20 °C/min and a He flow of 20 mL/min, CO, desorption was
performed from saturation temperature to 900 °C.

The crystalline structure of the reduced catalyst was investigated by X-ray diffraction
utilizing a high-resolution X-ray diffractometer (Shimadzu XRD 600, Japan) with a Cu tar-
get Ka radiation at 30 kV and 30 mA. The X-ray diffractogram was generated at a scanning
speed of 1° and an angle of 20 ranging from 10 to 80 °C.

3.3. Catalytic Activity Test

The steam-reforming tar model compounds generated during biomass gasification
investigated the catalytic performance. The gasified biomass tar model contained 50 wt.%
toluene, 30 wt.% naphthalene, 15 wt.% phenol, and 5 wt.% pyrenes. According to the pre-
vious study, the components were chosen because they represent the main compounds in
gasified biomass [7,75-77]. A fixed bed stainless steel tubular reactor was used for experi-
ments conducted at standard atmospheric pressure (25 cm length, 1.25 cm inner diameter).
The experimental setup for catalytic steam reforming is schematically shown in Figure 11.
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Figure 11. Schematic diagram of steam reforming experimental setup: (1) syringe pump—(a) tar
model (b) water; (2) 10% Hy/N; cylinder; (3) Ny cylinder; (4) mass flow controller; (5) turbo va-
porizer; (6) K-type thermocouple; (7) stainless steel tubular reactor; (8) catalyst/SiC; (9) furnace;
(10) condenser; (11) temperature controller; (12) GC-TCD.

For each test, approximately 0.8 g of catalyst was diluted with silicon carbide
(1:2.5 wt ratio) to prevent hot spot formation within the catalyst bed throughout 5 h of
reaction [78,79]. The catalyst bed was placed inside the reactor’s stainless-steel mesh. The
fresh catalyst was reduced at the temperature of 800 °C for 60 min using a stream of
10 vol% Hj,/N; flowing through the reactor at a 50 mL/min rate. After that, the steam
from the reactor was used to steam-reform the chosen gasified biomass tar model com-
pound. Subsequently, a syringe pump was used to directly pump the gasified biomass tar
model into the reactor at a rate of about 0.02 mL/min (KD Scientific Series 100, USA). A
high-pressure liquid pump supplied 1.66 mL/h of water into the preheater (Lab Alliance
Series II).

The feed stream steam-to-carbon (S/C) molar ratio was 1. This is because the stoichio-
metric value of the S/C molar ratio, which corresponds to the steam reforming of gasified
biomass tar, is 0.97. In order to vaporize the water before it enters the reactor, the tem-
perature of the preheater was elevated to 250 °C, to stabilize the temperature inside the
reactor. To move the vaporized steam into the reactor, 50 mL/min of N, carrier gas was
also continually injected into the preheater.

After passing through a condenser containing a mixture of ice and ethanol, the re-
leased reaction products were cooled. Using gas chromatography (GC) (Agilent 6890N)
and a Carboxen 1010 PLOT capillary GC column (Fused silica 30 m length x 0.53 mm in-
ternal diameter, average thickness 30 um), the gas product was analyzed online. During
catalytic steam reforming, numerous parallel reactions are known to take [58,80]. The effi-
ciency of these reactions dictates the selectivity of the overall product. In this experiment,
the product selectivity (Sx) was evaluated by calculating the composition of each gaseous
product (Hp, CO, CO,, CHy) on a dry and Ny free basis, as indicated in Equation (5). In
this study, carbon conversion to gas (Equation (6)) and Hj yield (Equation (7)) were also
considered while evaluating the catalytic activity.

mole of X in the product gas

Sx(mol%) = total ole of gaseous product

100 (5)

le of i
Carbon conversion to gas (%) = monfo(;e Zirfaizéi ifc;::fcg dgas %100 (6)

mole of H; in product gas

H i 1 00 =
2 yield (%) mole of Hj in tar fed 4+ mole of Hj in stream

%100 )
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4. Conclusions

Steam reforming of gasified biomass tar is used to convert tar produced from biomass
gasification into valuable chemicals and fuels. To improve this process efficiency, the cat-
alyst must have certain properties, such as a strong metal-support interaction, high basic-
ity, and a mesoporous structure. Adding alkaline earth metal promoters, such as MgO
and CaO, to the catalyst can improve these properties by strengthening the interaction be-
tween the metal and support and increasing the catalyst’s basicity. This results in forming
a mesoporous structure with an active metallic Ni phase, which is essential for catalytic
activity. Among the various catalysts tested, NiLaMgCa was the most effective, exhibit-
ing high catalytic performance and stability in the steam reforming of gasified biomass
tar. Furthermore, the buildup of filamentous carbon coke on the spent catalyst did not
negatively impact its activity, making NiLaMgCa a suitable catalyst for long-term use in
the steam reforming process. NiLaMgCa produced the most carbon-to-gas conversion
(86.27 mol%) and Hj yield (51.58 mol%) after 5 h of reaction compared to other catalysts.
Overall, the addition of alkaline earth metal promoters to the catalyst enhances its proper-
ties and makes it more effective in the steam reforming of gasified biomass tar.
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