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Abstract: The effects of operating parameters such as reaction temperature, space velocity, and feed
gas composition on the performance of the methane dry-reforming reaction (DRM) over the
Ni/ALOs catalyst are systemically investigated. The Ni/Al2Os catalyst, which is synthesized by con-
ventional wet impregnation, showed well-developed mesoporosity with well-dispersed Ni nano-
particles. CHs and CO: conversions over the Ni/Al:Os catalyst are dramatically increased as both the
reaction temperature is increased, and space velocity is decreased. The feed gas composition, espe-
cially the CO2/CHu ratio, significantly influences the DRM performance, catalyst deactivation and
the reaction behavior of side reactions. When the COz-rich gas composition (CO2/CHa > 1) was used,
a reverse water gas shift (RWGS) reaction significantly occurred, leading to the consumption of hy-
drogen produced from DRM. The CHs-rich gas composition (CO2/CHa < 1) induces severe carbon
depositions followed by a reverse Boudouard reaction, resulting in catalytic activity drastically de-
creasing at the beginning followed by a stable conversion. The catalyst after the DRM reaction with
a different feed ratio was analyzed to investigate the amount and structure of carbon deposited on
the catalyst. In this study, we suggested that the optimal DRM reaction conditions can achieve stable
performances in terms of conversion, hydrogen production and long-term stability.

Keywords: dry reforming; operation parameter; carbon deposition

1. Introduction

Industrial development provided mankind with a great deal of convenience. As the
industrialized civilization continues to develop, our society has relied heavily on fossil-
fuel-based energy resources. Most industrial advancements have been accompanied by
fossil fuel use. However, technological improvements based on the use of fossil fuel have
contributed to increasing greenhouse gas emissions [1]. Climate change, which causes a
rise in sea level, heat waves and desertification, is largely accepted as a result of green-
house gas emissions from the use of fossil fuel energy [2].

To mitigate global climate change caused by greenhouse gases, sustainable and eco-
friendly energy systems should be explored and implanted to replace fossil-fuel-based
energy [3]. Biogas, composed mainly of methane and carbon dioxide, can be produced by
the anaerobic digestion of organic wastes such as sewage sludge, food waste, and live-
stock night soil [4-6]. This gas can be used to generate heat and power generation and can
be purified and upgraded to biomethane for further energy applications [7,8]. In addition,
biomethane can be converted to syngas (CO/Hz) through catalytic reforming processes
and CO: separation processes such as steam methane reforming (SMR) and pressure
swing adsorption (PSA) [9].

It is well known that the CHs-to-CO: ratio in biogas is generally in the range from 7:3
to 5.5:4.5, which is highly dependent on the feedstock of biogas generation [10]. The me-
thane content in landfill gas (LFG) is about 40-60%, while the methane content of the gas
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generated by the anaerobic digestion of sewage sludge is about 40-50% On the other hand,
the methane content in the biogas produced by the livestock manure of food waste treat-
ment is 50-70%, which is relatively high [11]. Furthermore, the methane-rich biogas can
directly be converted to produce syngas (CO/Hz) and green hydrogen through the dry-
reforming reaction of methane (DRM) with a small makeup of CO: followed by a water
shift reaction (WGS) [12]. Since CHs and CO: in purified biogas can be directly utilized
without any expensive PSA separation units, there has been increased attention recently
focused on biogas-linked DRM reactions for green hydrogen production [13].

It is widely acknowledged that the dry reforming of methane (DRM) is an effective
method for producing syngas from methane and carbon dioxide—two greenhouse
gases—without additional carbon dioxide emissions [14]. Additionally, syngas can be
converted into valuable chemicals and used for hydrogen production [15]. When biogas
—which has highly variable methane content—is applied directly to the DRM process, the
H>/CO ratio of the resultant syngas can be adjusted. However, this can lead to an increased
tendency for carbon deposition [16]. Therefore, it is necessary to evaluate how catalytic
activity is affected when the feed composition is changed, as well as which operation pa-
rameters are essential for reaction performance. To maximize efficiency, the DRM reaction
unit and catalysts must be tailored to the target biogas stream.

Although numerous catalysts have been suggested in fundamental research, Ni-
based catalysts are commonly used in both lab-scale and practical processes in the me-
thane reformation processes due to high catalytic activity, relatively low cost and wide
availability [17-19]. Generally, it is accepted that Ni-based catalysts are the most effective
ones on reforming reactions. So far, most studies on reforming catalysts are mainly fo-
cused on Ni-Al:Os-based catalysts and the one for DRM reaction is no exception [19,20].
The dry-reforming process, which is a highly endothermic reaction (Equation (1)), is usu-
ally carried out at high reaction temperatures (700-850 °C). These high-temperature con-
ditions often induce the agglomeration of nickel particles (also known as thermal sinter-
ing), leading to the loss of the number of active sites and deactivation of the catalyst
[21,22]. In addition, the aggregated Ni particles can accelerate the formation of carbon
(coking), resulting in an overall performance drop of the DRM unit [23].

CHas+ CO2 — 2H2 + 2CO -+ AHa9sx = 247 kJ-mol-! 1)

Many researchers have sought to understand the relationships between the catalytic
chemistry of Ni-based catalysts and reaction conditions in methane dry-reforming envi-
ronments. Song et al. proposed a locking mechanism wherein the suitable particle size of
active metal remains a crucial factor in achieving sintering resistance, even after extended
testing. They demonstrated that metal particulates move on high-energy step edges of the
support during activation to form stable particles. In addition, they exhibited that carbon
deposition (coking) easily occurs on Ni catalysts when operating a dry-reforming reaction
at low temperatures [24]. Charisiou et al. reported that carbon deposition and defects in
the carbon increased as the reaction temperature decreased from 800 °C to 600 °C [25].
Research groups have studied catalyst deactivation by varying reaction temperatures to
understand the activity and durability of Ni-based catalysts [17,26]. However, there is not
enough research that comprehensively compares the effect of operating parameters in the
dry-reforming process, focusing on the feed gas composition and side reactions. It is still
difficult to systematically investigate the catalytic activity, coke formation and reaction
behavior according to operating conditions such as temperature, WHSV and gas compo-
sitions for the syngas—hydrogen production via practical biogas-linked DRM reactors. The
optimal conditions for maximizing syngas yield and minimizing coking must be also fig-
ured out, since purified biogas can intrinsically contain CHas-rich gas. Furthermore, it is
critical to identify the optimal operating conditions of the dry-reforming reaction on each
situational case for designing practical biogas-linked DRM processes which can be ap-
plied to practical organic waste treatment sites. This is because the composition of feed
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biogas can be varied. By controlling the operating parameters, it is possible to reduce car-
bon deposition and increase hydrogen yield while suppressing undesirable side reactions.

In this study, we synthesized a conventional Ni/Al20s catalyst which is well known
as a highly active catalyst in methane conversion reactions. The characteristics of the cat-
alyst were investigated by BET, XRD, TEM and H:-TPR. We applied the catalyst to the
dry-reforming reaction of CO2/CHausing the model purified-biogas stream. We investi-
gated the effects of operating conditions such as temperature, WHSV and the COz-to-CHs
ratio on the DRM reaction, and both the reaction activity and deactivation behavior of the
Ni/AlO:s catalyst are systemically studied. In addition, we also investigated the relation-
ship between operation conditions and the tendency of side reactions. The spent catalyst
with a different feed ratio was also analyzed with TGA, TEM and Raman spectroscopy.
In this paper, we discussed our systemically experimental results and suggested the opti-
mal operation window of the DRM unit which could be potentially used for designing
practical biogas-linked DRM processes.

2. Results and Discussion

Figure 1 shows the physical and chemical properties of alumina support and
Ni/ALO:s catalysts. Figure 1a illustrates the N2 adsorption—-desorption isotherms and the
corresponding pore size distribution of the mother Al:Os support and the calcined
Ni/ALO:s catalyst. The commercial alumina support exhibited a type-IV isotherm, which
is associated with capillary condensation in mesopores [27]. It exhibited precipitous ad-
sorption at the relative pressure of approximately 0.7-0.8, suggesting that the original
AlOs sample had a considerably uniform mesopore with well-developed pore connectiv-
ity [28]. Furthermore, Ni/Al20s showed a similar isotherm pattern, although its adsorbed
volume was slightly lower than the original Al2Os support. This suggests that the meso-
porous structure of the Al2Os support is well preserved even after Ni loading and calcina-
tion. This is further confirmed by the results of the pore size distribution (PSD) (see Figure
la inset). Both Al2Os support and Ni/Al2Os catalysts have similar PSD patterns which
show a sharp distribution peak in the range of 5-10 nm with the maximum point at ca. 7.4
nm. The calculated surface area and pore volumes of Ni/Al20s catalyst (153.7 m?/g and
0.38 cm?/g) are slightly smaller than those of original Al2Os support (213.9 m?/g and 0.52
cm?/g), respectively. This indicates that some nickel oxide nanoparticles may have grown
inside the pore during the nickel impregnation that followed the calcination step, which
results in the pore blockage of alumina support.

Figure 1b presents X-ray diffraction (XRD) patterns of the alumina support, calcined
Ni/AlO:s catalyst and the Ni/Al2Os catalyst after reduction at 800 °C. The alumina support
exhibits clear peaks at 20 = 37.8°, 45.7° and 66.8°, indicating a typical y-Al:Os (ICDD PDF
00-029-0063) phase. The peaks related to the y-Al2Os phase are well maintained even after
Ni loading, followed by calcination and reduction in all samples. After calcination, the
Ni/AlOs catalyst shows an increment of peak intensity around 20 = 37°, which indicates
the existence of the NiAl:Os (ICDD PDF 00-010-0339) phase. The calcined Ni/Al20s cata-
lyst had a weak shoulder peak at 20 = 43°, which indicates the presence of NiO (ICDD
PDF 00-044-1159) nanoparticles highly dispersed on the support. For the reduced
Ni/ALOs catalyst, the peak related to NiO disappeared and new diffraction peaks ap-
peared. The reduced Ni/Al20s showed obvious diffraction peaks at 44.3°, 51.7° and 76.2°
which ascribe to (111), (200) and (220) planes of metallic Ni. The average crystallite size of
the Ni nanoparticle of the reduced Ni/Al2Os was estimated using the Scherrer equation
based on the (200) peak and was found to be approximately 11 nm.
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Figure 1. (a) N2 adsorption—desorption isotherms and pore diameter distribution of alumina sup-
port and Ni/Al2Os catalyst, (b) X-ray diffraction (XRD) patterns of alumina support, Ni/Al:0s cata-
lyst, and reduced Ni/Al20s catalyst, (¢) Transmission Electron Microscopy (TEM) images of reduced

Ni/ALOs catalyst, and (d) H2 temperature-programmed reduction (H2-TPR) profile of Ni/Al20s cat-
alyst from 60 °C to 960 °C with a linear rate of 5 °C/min.

We investigated the overall morphology and metal dispersion of the reduced
Ni/ALQO:s catalyst by TEM analysis. As shown in Figure 1c, it can be easily observed that
alumina support has a porous structure, and the nickel nanoparticles are well dispersed
both on the surface and inside the pore of alumina support. The observed size of the sup-
ported Ni nanoparticles was ca. 11 nm. This is consistent with the results of the XRD anal-
ysis.

The hydrogen temperature-programmed reduction (H2-TPR) was conducted to ex-
amine the reduction characteristics of the Ni/Al:Os catalyst (Figure 1d). As shown in the
TPR results, the reduction starts at ca. 520 °C, and then the maximum peak is observed at
ca. 786 °C. The hydrogen is continuously consumed until 970 °C. The Ni/AL:Os catalyst
exhibits different reduction patterns according to the interaction property between the
metal and support material. It is known that the peaks corresponding to NiO species
which have a weak metal-support interaction, nickel oxide species which have a strong
interaction with alumina support, and nickel aluminate spinel appear in order of temper-
ature increment [29]. When a Ni ion is incorporated into the alumina structure, stable
nickel aluminate (NiAl204)-like species can be formed [19]. The Ni species in NiAl2Os can
be reduced to even higher temperature ranges [30]. Thus, it could be concluded that our
Ni/AlOs have negligible Ni species of weakly interacted NiO-Al:Os, and mainly consist
of strongly interacted NiO-AlOs and NiAlL:Oa.

Figure 2 exhibits the effects of the reaction temperature varying from 700 °C to 850
°C on CHas conversion, CO2 conversion, Hz/CO ratio and H: selectivity, which were esti-
mated by Equations (2)—(5).
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Figure 2. Influences of reaction temperature (700, 750, 800 and 850 °C) on (a) CH4 conversion, (b)
CO2 conversion, (c) H2/CO, (d) Hz selectivity; N2 =20 mL-min~!, WHSV =60 L/g-h-.

CHzs conversion (%) = (CHain — CH40ut)/CHain x 100 (2)
CO: conversion (%) = (CO2in — CO2 0ut)/CO2in x 100 3)
FH2/CO = Hz 0u/CO out @)

Ho selectivity (%) = H2 out/2(CH4in = CH4out) x 100 (5)

As the reaction temperature increased, the conversions of both CO2 and CHa rose,
which is in line with the endothermic characteristics of a dry-reforming reaction. As the
CO2/CHLs feed ratio increased, CHa conversion also increased; however, CO2 conversion
decreased except CO2/CHs = 0.8 (Figure 2a,b). DRM is a reaction that consumes an equal
amount of CO2 and CHa. As the ratio of CO2/CHasrose, the amount of CO2 that does not
participate in DRM reaction increased. Therefore, CO2 conversion decreased in order of
CO2/CH4=1.0 > 1.25 > 1.5 > 2.0. Furthermore, the CHs-rich condition led to a significant
carbon deposition, which resulted in a reduction in the Ni active site; consequently, the
opportunity of the CO: conversion decreased. Therefore, CO2 conversion at CO2/CH4=0.8
was lower than CO2/CH4+=1.0. As a result, COz conversion at CO2/CH4=1.0 was the highest
compared to other feed compositions. Chein et al. claimed that CO:ztakes a similar role to
an oxidation agent in the combustion reaction. Thus, the more CO: in the feed gas, the
more advantageous the reaction environment, resulting in the CHs conversion increasing
in dry reforming [31]. Das et al. suggested the reaction mechanisms for the dry-reforming
reaction, which involve the dissociative adsorption of CHs to form Hz and CHx intermedi-
ates, followed by the dissociation of adsorbed CO:2 on the Ni surface to form CO and Ni-
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O species. Subsequently, Ni-O and Ni-C react to form CO [32]. However, an insufficient
amount of COz (e.g., CO2/CH4 = 0.8) can lead to a deficiency of Ni-O, which is necessary
for the reaction with Ni-C to produce CO. In terms of CO:2 conversion, when the CO2/CHs
ratio is greater than 1, it is an excess amount, and CO: conversion seems to decrease, since
in the study, it was sufficiently used in the drying reforming reaction and surplus CO:
remained. The highest CO: conversion at all temperatures was observed when CO2/CHa =
1 is used. As the amount of CO2exceeds CHys, the H2/CO ratio decreases due to the reverse
water gas shift (RWGS) reaction (Equation (6)), which consumes hydrogen gas produced
from DRM.

Hz + CO2 — H20 + 2CO -+ AH2ssk = 41 kJ-mol! (6)

In addition, RWGS easily occurs when the flow rate of CO: is greater than that of
CHa. As a product of the RWGS reaction, we can visually confirm that water is produced
and condensed at the end of the reactor. Serrano et al. experimentally showed that the
increased CO2/CHas ratio drove up the proportion of H2O and reduced the H2/CO ratio in
the product gas [33]. When either CO2/CHs =1 or CO2/CHa = 0.8 is used, the H2/CO ratio
and Ho: selectivity are significantly higher than those of other runs. This suggests that the
dry-reforming reaction preferentially occurs in these cases rather than other side reac-
tions, such as RWGS. With the exception of CO2/CHa = 2.0, the H2/CO ratio and H2 selec-
tivity increased as temperature increased, which is ascribed to the increment of hydrogen
production attributed to the dry reforming of methane. However, when CO2/CH4 = 2.0,
the H2/CO ratio and H: selectivity decrease with the increasing temperature from 700 to
850 °C, suggesting that hydrogen consumption via the RWGS reaction is greater than hy-
drogen production from DRM as the reaction temperature rises.

Figure 3 shows the effects of space velocity varying from 60 to 240 L/g-h~! on CHs
conversion, CO2 conversion, H2/CO ratio, and Hz selectivity. As the WHSV increased, the
conversion of CO2 and CHy significantly decreased. The higher WHSV means a shorter
residence time of reactants with a catalyst bed, resulting in the conversion of CO2 and CHs
being decreased. For the case of CO2/CHa4=0.8, conversion values dramatically decreased
when WHSYV is increased from 120 to 240 L/g-h™!, compared to other cases (Figure 3a,b).
This indicates that a significant deactivation occurred due to a significant carbon deposi-
tion, as discussed later. The CHs conversion and CO: conversion for the CO2/CHs feed
ratio are a similar trend of the effect of a reaction temperature change, as shown in Figure
2. As shown in Figure 3a,b, the H2/CO ratio and Hz selectivity slightly decreased as WHSV
increased, except for the CO2/CHa4 = 0.8 run. For the case of CO2/CHa = 0.8, the significant
deactivation from 120 to 240 L/g-h™ was observed due to a significant carbon deposition,
as discussed later. Based on the carbon balance, we attempted to calculate the theoretical
amount of carbon formation by employing Equations (7)—(9). The tendency of the carbon
deposition amount relative to the feed ratio was consistent with the theoretical carbon
formation.

Carbon formation = (Cin — Cout) (7)
Cin=CHasin+ CO2in (8)

Cout = CHa out + COz out + CO out )
C+CO2 — 2CO -+ AHoosk = 41 kJ-mol! (10)
CO out/COprRM = CO out/2(CHain — CH4 out) (11)

To estimate the catalytic activity of the Ni/Al2Os catalyst in this work, we carried out
stability tests at WHSV = 60 L/g-h™!, CH4:CO2:N2 = 3:3:4 and T = 850 °C. For 38 h of contin-
uous DRM reactions, the CHa conversion (ca. 93%) and CO: conversion (ca. 96%) were
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well maintained; this should be expected to retain the catalytic activity for a longer period
(Figure S2). We also operated a cyclic test for the Ni/ALOs catalyst at different WHSV of
60, 120, 180 L/g-h!, CH4:CO2:N2 = 3:3:4 and T = 800 °C. The CHs conversion at each space
velocity was 84%, 70% and 65%, respectively. The ratio of H2/CO was 0.93, 0.87 and 0.82
in order of increased space velocity. In addition, this indicates that the CHs conversion,
CO2 conversion and ratio of H2/CO were almost recovered with minor changes. This
means that the stability and durability of Ni/Al2Os catalyst is well maintained during se-
vere reaction condition changes (Figure S3). Compared to the other previous research that
applied the Ni/AL2Os catalyst for DRM, we obtained reliable experimental results, and the
Ni/AlLOs catalyst in this study showed a reasonably stable catalytic performance (Table
S1).
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Figure 3. Influences of space velocity (60,120,180 and 240 L/g-h™) on (a) the CHa4 conversion, (b) CO:
conversion, (c) H2/CO, (d) Hz selectivity; T = 800 °C, N2 =40 % v/v of total flow.

To evaluate the stability and durability of Ni catalysts in the DRM system, we con-
ducted long-term activity tests at 850 °C for 600 min with different feed ratios (Figure 4).
As shown in Figure 4a, for CO2/CHs4 = 1.0 and 1.2, there was no significant deactivation
until 10 h and the CHs conversions of 96% and 98% were maintained, respectively. In the
case of CO2/CHa = 0.8, the catalytic activity severely decreased until 120 min from the be-
ginning of the dry-reforming reaction, and CH4 conversion dropped from 80% to 73% at
30 min and 120 min, respectively (Figure 4a). After 120 min, the catalytic activity became
quite stable, which can be ascribed to a reverse Boudouard reaction (Equation (10)). Based
on the calculation of carbon balance and H2/CO ratio, it should be assumed that a signifi-
cant amount of carbon was formed at the beginning of the reaction due to the decompo-
sition reaction of excess carbon (Excess CHs — C + 2H>). As the carbon deposition led to
deactivation, the conversion of CHs and CO:z dropped drastically within 60 min. Although
the carbon deposited on the Ni surface can hamper the DRM activity, it could be also used
as a reactant on the reverse Boudouard reaction (Equation (10)), which made the aspect of
deactivation quite stable [17]. As both the DRM reaction and reverse Boudouard reaction
subsequently occurred, the catalytic activity can be quite elongated and become stable
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compared to that of the beginning. To understand the effect of side reactions, the amount
of CO that can be produced by DRM was estimated by Equation (11) and was compared
with the actual CO production, which were denoted as CObrm and COout, respectively
(Figure S1b). In case of R0.8 conditions (CO2/CHs = 0.8), COout was larger than CObruy,
which indicates the occurrence of side reactions which can generate additional CO. The
side reactions that produce CO should be the reverse water gas shift (RWGS) reaction and
the reverse Boudouard reaction. Since the RWGS reaction consumes hydrogen produced
from DRM, the H: selectivity can be significantly decreased if it is the main side reaction.
When we compared hydrogen selectivity at R0.8 (CO2/CHas= 0.8) and R1.0 (CO2/CH4=1.0),
both cases showed similar selectivity ca. 98% (Figure Sla). It should be concluded that the
catalyst drastically deactivated at the beginning due to a significant carbon formation and
deposition; subsequently, the reverse Boudouard reaction decelerated the degradation in
the CHa-rich conditions. Regarding CO2/CHs = 1.2, the H2/CO ratio was relatively lower
than CO2/CH4 = 1.0 and 0.8 (Figure 4b). The Hz/CO ratios of CO2/CHs = 1.2, 1.0 and 0.8
were 0.90, 0.97 and 0.96, respectively. Excessive CO2 is attributed to Hz consumption due
to the reverse water gas shift reaction (RWGS). Based on the above results, it is clear that
insufficient CO2 (CO2/CHs = 0.8) induces significant coking, resulting in low performance
in terms of both conversion and Hz production. While the COz-rich condition (CO2/CH4 =
1.2) is slightly better in terms of conversion, it induces a significant RWGS reaction, result-
ing in a low H2/CO ratio and H: selectivity. Therefore, we concluded that stoichiometric
ratio (CO2/CHs = 1.0) conditions are most beneficial for the DRM reaction.
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Figure 4. Time on stream results of the dry-reforming reaction with Ni/Al20s catalyst: (a) CHs con-
version, (b) H2/CO ratio; T =850 °C, WHSV =60 L/g-h".

The Ni/AL2Os catalysts after the DRM reaction were also characterized. As shown in
Figure 5a, the Ni/ALQO:s catalyst showed well-maintained Ni peaks at 20 = 44.3°, 51.7° and
76.2°, and no NiO peak was observed after the dry-reforming reaction for 10 h. This indi-
cates that nickel particles did not oxidize to NiO during the dry-reforming reaction. In
addition, the Ni/Al2Os catalyst after the DRM reaction showed a significant carbon (ICDD
PDF 00-026-1076) peak at 20 = 25.8° compared to the reduced catalyst before the reaction.
We also evaluated the particle size of Ni after the DRM reaction. As shown in the XRD
results, the Ni/ALO:s catalyst after DRM showed a sharper Ni peak than the one before the
reaction. The Ni particle size, which was calculated by the Scherrer formula, was changed
from 10 nm to 16 nm after the DRM reaction. This implies the aggregation of Ni particles
due to exposure to high temperatures during the DRM process [24], and can be also con-
firmed by TEM analysis. As shown in Figure 5b, it can be easily seen that a Ni particle is
sintered to a large particle (ca. ~17 nm) after the DRM reaction.
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Figure 5. (a) X-ray diffraction (XRD) patterns of the reduced catalyst and the catalyst after DRM,
(b) Transmission Electron Microscopy (TEM) images of the catalyst after DRM.

Figure 6 shows TGA profiles of the used catalysts after 10 h of the DRM reaction with
different feed ratios (CO2/CHa4 = 0.8, 1.0 and 1.2). The used catalysts were denoted as R0.8,
R1.0 and R1.2, respectively, according to their feed ratio. It is widely acknowledged that
weight loss at temperatures between 20 and 300 °C is a result of moisture being removed
from the samples [34,35]. The amount of weight loss follows this order in this range: (R0.8<
R1.0 < R1.2). The moisture on the catalyst could correspond to water generated from the
RWGS reaction during DRM. The consumption of hydrogen from DRM increased as the
CO»/CHa ratio became larger, which is consistent with the TGA results. The weight in-
crease in the range of 300-400 °C is related to the oxidation of Ni to NiO on the surface of
the catalyst [36]. All the catalysts showed weight increases due to Ni oxidation in this
range, even though the increasing degree is slightly different. Finally, the significant
weight loss is observed above 400 °C, which is ascribed to the oxidation of the coke on the
catalyst surface [36,37]. Among the three catalysts, R0.8 exhibited a dramatic weight loss
between 400 and 650 °C, and then a slight weight increase until 800 °C due to Ni oxidation
after completely burning out the coke. The R1.0 sample exhibited a sharp decrease from
500 °C to 650 °C and a slight weight increase after 650 °C (Figure 6 inset), which is ascribed
to the oxidation of Ni after the removal of carbon that has covered the surface of Ni during
the DRM reaction. The R1.2 sample also showed similar behavior to R1.0. The weight loss
from burning coke followed in order of R1.2(0.5%) < R1.0(2.6%) < R0.8(28.1%). A signifi-
cant amount of filamentous carbon on the surface of the catalyst was observed in the TEM
images of R0.8 (Figure 6b).

(a) (b)
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Figure 6. (a) TGA profiles of the spent catalysts after 10 h of DRM reaction, (b) Transmission Electron
Microscopy (TEM) images of the spent catalyst after 10 h of dry reforming (R0.8).
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We also analyzed the structures of carbon deposited on the catalysts. Figure 7 dis-
plays the Raman spectra of two catalysts (R0.8 and R1.0) which exhibited obvious TGA
weight loss above 500 °C after a 10 h DRM reaction. Corresponding to the TGA analysis,
there was no significant peak in the Raman spectra of R1.2 due to the negligible amount
of carbon deposited on R1.2. Both R0.8 and R1.0 showed two obvious vibration bands: the
D-band (1350 cm™) and the G-band (1580 cm™), which are typical characteristics of carbon
materials. The Raman spectrum intensity of R0.8 was higher than that of R1.0, indicating
that R0.8 has a large number of carbon species on the surface compared to R1.0. It is known
that the D band is related to the presence of defects or a disordered carbon structure, and
the G band is attributed to the C = C stretching vibration of sp? carbon [38,39]. Generally,
the intensity ratio of the D band and G band (Ip/Ig) is an indicator of the graphitic degree
of carbon; the lower the value, the more graphitic the structure [40,41]. For R0.8 and R1.0,
the respective Ip/Ic values are 0.919 and 0.751, indicating that the graphitic degree becomes
lower as the R-value increases. Therefore, the carbon deposited on R0.8 has as less gra-
phitic properties as that on R1.0 [42]. Although the absolute amount of carbon deposited
on R0.8 is much larger than that of R1.0, as a result of the more defective structure of the
coke deposited on R0.8 than R1.0, the carbon on R1.0 oxidized at a higher temperature
than RO.8. This is consistent with the TGA results—weight loss by the carbon oxidation of
RO.8 started at 450 °C, while weight loss by coke burning of R1.0 started at 550 °C.
Charisiou et al. reported that the combustion temperature varies depending on the species
of carbon [25]. The temperature increases in the order of amorphous carbon, carbon allo-
tropes with defects in the graphitic lattice and highly graphitized carbon nanotubes. Guo
et al. similarly observed that two types of carbon, amorphous and graphitic-like carbon,
deposited on the Ni catalyst after methane decomposition. Graphitic-like carbon fully ox-
idized at higher temperatures than amorphous carbon [43].

—R0.8

—R1.0

S N AN

1000 1200 1400 1600 1800 2000
Raman shift (cm™)

Intensity (a.u.)

Figure 7. The Raman spectra of spent catalysts after 10 h of DRM reactions.

3. Materials and Methods
3.1. Materials

Commercial alumina spheres (particle diameter =2.5 mm, specific surface area =200-
220 m?/g) were provided by Sasol (Johannesburg, Republic of South Africa). The alumina
ball was crushed to a powder using a mortar and pestle and sieved to the particle size
range of 100-150 um. Nickel nitrate hexahydrate (Ni(NOs),-6H,O) was purchased from
Daejung (Siheung, Republic of Korea).

3.2. Synthesis

A Ni/ALO:s catalyst was prepared using the conventional wet impregnation method.
The necessary amount of Ni(NOs),:6H,O was dissolved in distilled water and used to im-
pregnate the alumina support. After drying in a rotary evaporator at 80 °C, the sample
was calcined at 700 °C for 3 h with a ramping rate of 4.25 °C/min. Finally, the catalysts
were sieved to a particle size of 100-150 microns and used for additional characterization
and reaction tests.
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3.3. Characterization

X-ray diffraction analysis (XRD) was conducted using D/MAX 2200 (Rigaku, Tokyo,
Japan, Cu Ka, A = 1.5418 A). The scanning range was from 20 to 80° and the scanning
speed was 8°/min. Textural properties were characterized using Tristar II 3020 (Mi-
cromeritics, Norcross, USA) through N2 adsorption—desorption at 77 K. The temperature-
programmed reduction (H2-TPR) was performed using BELCAT-M (MicrotracBEL,
Osaka, Japan). The pre-treated catalyst was heated from 30 °C to 1000 °C with a ramping
rate of 5 °C/min, under Hz balanced with Ar gas conditions (5%, 30 mL/min). The amount
of coke formation was then evaluated using a thermal gravimetric analyzer, TGA N-1000
(Scinco, Seoul, Republic of Korea). The samples were heated from 30 °C to 800 °C at a
ramping rate of 5 °C/min in an air atmosphere. The coke-on catalyst after the dry-reform-
ing reaction was analyzed by Raman spectroscopy, SR-303i (Andor Technology, Belfast,
Northern Ireland) with a 532 nm laser module.

3.4. Catalytic Activity Test (Dry Reforming of Methane)

Catalytic activity tests of the Ni/ALOs catalyst were carried out in a continuous flow
fixed-bed quartz reactor. Catalysts (50 mg) were placed in a reactor bed (ID = 3/8”) be-
tween quartz wool beds. A K-type thermocouple was used to monitor the reaction tem-
perature, and a mass flow controller was used to precisely control the flow rates of nitro-
gen, methane and carbon dioxide (N2, CHs and CO).

Prior to the dry-reforming reaction, the temperature was raised to 800 °C with N2
flow, and the catalyst was reduced to 800 °C under 20 mL/min flow of pure H2 for 1 h. To
investigate the effect of temperature, the reaction experiment was conducted at 700 °C,
750 °C, 800 °C and 850 °C for 1 h, respectively. Temperature was controlled using a step-
wise mode of the PID controller, and the reaction was conducted for 1 h in each tempera-
ture once it was stabilized. In addition, the reaction experiments were operated with var-
ying feed compositions while the WHSV was adjusted to 60 L-g-'h-!, and the N: flow rate
was fixed at 20 mL/min. To investigate the effect of space velocity, a reaction experiment
was conducted at a constant temperature of 800 °C with four different WHSV values of
60, 120, 180 and 240 L-gth'. Each of these space velocities was maintained for 1 h once
stabilized. Additionally, the reaction experiment was conducted with various CO2/CHa
feed ratios of 0.8, 1.0 and 1.2, and was run for a long-term period. After reducing the cat-
alyst at 800 °C for 90 min with an H2:N2 ratio of 1:1 under a constant flow of 40 mL/min,
catalytic activity tests were conducted at 850 °C for 10 h.

The reaction effluent gases from the DRM reactor were analyzed by online gas chro-
matography, YL-6500 (Young In Chromass, Anyang, Republic of Korea) equipped with a
thermal conductivity detector and Carboxen-1000 (Supelco Analytical, Bellefonte, USA)
as a GC column. Ar was employed as the carrier gas for quantifying the Hz, N2, CO, CHa
and COz2 in the product gas. N2 was utilized as an internal standard, and the component
of gas after the dry-reforming reaction was calculated based on No.

4. Conclusions

We synthesized a conventional Ni/Al:Os catalyst and applied it to a dry-reforming
reaction. We investigated the effect of operating parameters such as reaction temperature,
space velocity and feed composition on the overall performance of the dry-reforming re-
action of methane over the Ni/Al2Os catalyst. As the reaction temperature elevated, the
dry-reforming reaction, which has endothermic property, was accelerated; consequently,
the methane conversion increased. Furthermore, the CH4 conversion declined as the space
velocity increased due to the decrement in residence time, which led to a lack of oppor-
tunity that both reactant gas and the catalyst surface can contact. The conversion of me-
thane increased as the ratio of carbon dioxide in the feed gas became higher. However,
the excessive carbon dioxide in the feed gas promoted the reverse water gas shift reaction,
which consumed the produced hydrogen, resulting in a low H2/CO ratio and Ho
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selectivity. The composition of reactant gas was significantly related to the side reactions
during the DRM reaction. Indeed, excessive methane in the feed gas significantly caused
the carbon formation, consequently dramatically decreasing the catalytic activity due to
the coke covering the active site of Ni. In addition, the quantity and quality of carbon
deposited on the catalyst after a reaction depends heavily on the CO2-to-CHas ratio in the
feed gas. When excessive CO2 (R1.2) was involved in the DRM reaction, only an insignifi-
cant amount of carbon was deposited on the catalyst. Furthermore, a strict adherence to
stoichiometric conditions (R1.0) gave rise to carbon species that burn off at high tempera-
tures; however, when the feed gas was CHas-rich (R0.8), a larger amount of coke was cre-
ated, leading to a considerable decrease in catalyst performance. Our results indicated that
the feed gas composition is a major factor in determining the performance of Ni-based
catalysts in DRM. We, therefore, suggest that the optimal gas conditions to achieve the
highest conversion, hydrogen production and long-term stability are in the range of the
stoichiometric conditions.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal13030602/s1, Figure S1: Time on stream results of dry
reforming reaction with Ni/Al2Os catalyst: (a) Hz selectivity, (b) COout/COprum ratio ; T = 850 °C,
WHSV =60 L/g-h™,; Figure S2: Time on stream results of dry reforming reaction over Ni/AL2Os cat-
alyst; T = 850 °C, WHSV = 60 L/g-h™', CH4:CO2:N2 = 3:3:4.; Figure S3: Time on stream results of dry
reforming reaction over Ni/Al:Os catalyst with different WHSV of 60, 120, 180 L/g-h™": (a) Conver-
sion of CHs and COg, (b) H2/CO ratio; T=800 °C, CH4:CO2:N2=3:3:4.; Table S1: Comparative research
on dry reforming of methane over Ni/Al20s catalyst [19,29,44].
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