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Abstract: In this study, the Taguchi experimental design method using an L16 orthogonal array
was attempted in order to investigate the optimal operating conditions for the CO, methanation
process in Ni-based catalysts. The relative influence of the main factors affecting CO, conversion
and CHy yield was ranked as follows: reactor pressure > space velocity > reaction temperature.
The optimal combination of operating conditions was a reactor temperature of 315 °C, a pressure
of 19 bar, and a space velocity of 6000 h~l. The effect of the H,/CO, ratio on CO, conversion
and CHy yield was further considered under these optimal operating conditions. Moreover, the
catalyst was characterized in order to investigate the production of coke through Brunauer-Emmett—
Teller analysis, thermogravimetric analysis, and scanning electron microscopy. The amount of coke
produced after the reaction for approximately 24 h was ~2 wt.%. Therefore, the desired CHy yield
and long-term operational stability were successfully obtained using the Taguchi design method and
catalyst characterization.
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1. Introduction

Environmental issues such as air pollution and global warming have led to increasing
efforts to reduce the use of fossil fuels worldwide and replace them with renewable energy
sources, such as solar and wind energy. The main limitations to increasing the production
of renewable electricity are intermittency and dispersion [1], which require efficient energy-
storage technology. The imbalance between production and demand can create serious
supply problems despite the availability of low-cost, renewable energy sources. In this
context, power-to-gas (PtG) technology is an energy-storage technology that has been
rapidly developed and is already being commercialized in Europe to improve energy
storage. PtG technology converts surplus energy from renewable sources into combustible
chemicals, which are easier to store and transport compared to electrical energy [2]. The PtG
process consists of two steps: hydrogen (H;) production through water electrolysis, and
methane (CHjy) synthesis using CO or CO, [3]. These H, and CHy4 products produced using
the PtG process have excellent storage capacity for extended periods [4]. In particular, the
use of CHy is more desirable owing to its energy density, which is three times higher than
that of Hp, and to the widespread facilities for its storage and transport [2,5,6]. Methane
can be injected and stored into existing gas distribution grids or utilized in natural gas
facilities [7].

The CO, methanation reaction, also known as the Sabatier process, is as follows:

CO, +4H, = CHy + Alarc2H,0 AHg = —165.1 kJ/mol 1)
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This reaction is strongly exothermic and is controlled by chemical equilibrium [8].
Owing to kinetic limitations, the CO, methanation process is mainly performed using
Ni-based catalysts at low temperatures of 250-400 °C.

Because of thermodynamic equilibrium, undesirable competing reactions such as CO
methanation and the reverse water—gas shift reaction can occur at high temperature as
follows:

CO +3H; = CHy+ H,OAHR = —206.3 kJ/mol 2

CO, +H, = CO+ H,OAHR = 41.2kJ/mol 3)

Therefore, one of the main issues in reactor scale-up is to remove heat generated by
this exothermic reaction and maintain the process at a relatively low temperature, without
generating hot spots or quenching the reaction [9]. Moreover, the operation must be
performed at an appropriate temperature range to prevent unwanted competing reactions,
and an adequate pressure is important for process optimization. A pressure increase up to
a certain point can improve the reaction efficiency in a general temperature range [10,11].
However, a technical-economic compromise is necessary because the compressor power
consumed to increase the water electrolysis hydrogen supply pressure can be greater than
the increase in methane and steam production.

Several operating parameters are closely related to the performance of methane pro-
duction. Extensive studies of CO, methanation have been conducted to determine the
effect of operating variables; relevant details are summarized in Table 1.

Table 1. Summary of experimental studies on CO, methanation.

Operating Parameters Reactor Type Catalyst Reference
Temperature: 250-550 °C § Ni/Al, O3,
Reaction cycle, Metal loading amount Pa:i(:ioied Ru/AlL,O3, [7]
(Hy/CO, =5; SV =5835h 1) Ru-Ni/AlLO;
Hz / COzi 1-5
Pressure: 1-100 atm Ni-based
Temperature: 200-600 °C Fixed-bed reactor a t;ilset [10]
H,/CO,/H,0: 4/1/(0-0.5) catalys
H,/CO,/0,: 4/1/(0-0.5)
Gas flow rate: 9.9-23 Nm?/h
H,/CO,: 3.72-4.2 Microchannel Ni-based [12]
Pressure: 1.5-3.0 bar reactor catalyst
Temperature: 280-350 °C
Pressure: 1-10 bar Triple fixed-bed Ni/Al,O3 [13]
Temperature: 250400 °C reactor catalyst ;
GHSV: 5760-23,000 L kg~ h~1 Ni-based
H,/CO,: 1.04.2 Fixed-bed reactor catalyst [14]
Temperature: 100-600 °C (Ni-MCM-41)
WHSV: 6000-11,500 Ncm? /g-h . o
H,/CO,: 43-45 Multi-tubular 0.5 wt.% Ru on [15]

Pressure: 1-5 bar fixed-bed reactor Al O3

Factors that influence CO, methanation performance include reactor temperature,
pressure, space velocity, and Hp /CO, ratio. A high CO, conversion and CHy yield can
be used as performance indicators for maximum methane gas production. Several experi-
ments for evaluating CO, methanation have been conducted to investigate the effect of one
parameter at a time. However, this approach is time-consuming and labor-intensive [16].
Optimization tools can be used to identify the best output for optimal methane gas produc-
tion based on input values in less time and with lower costs. The Taguchi optimization
method is an efficient approach for optimizing performance with minimal experimentation.
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Therefore, the Taguchi design of experiment approach can be used to optimize methane
production with minimal time and low cost.

The main objective of this study was to optimize CO, methanation using the Taguchi
method to determine the effects of reactor temperature, pressure, space velocity, and
H, /CO; ratio. Because of economic limitations such as operating costs and difficulty in
obtaining a sufficient amount of catalyst, pre-evaluation of catalysts or feedstocks and
the selection of operating conditions to optimize product yield are typically performed in
laboratory and pilot-scale reactors. Therefore, optimizing reaction conversion and product
yields is a starting point for scale-up to pilot and commercial CO, methanation reactors.
The most influential parameters and optimal operating conditions for methane production
were investigated using the Taguchi experimental design with an L16 orthogonal array. In
addition, considering the formation of coke on the catalyst surface, which occurs during
methanation, we verified the high performance and durability of the catalyst. During the
reactor scale-up process, we investigated possible variations in process factors, such as the
Hj/CO; ratio, by minimizing trial and error in the operation and coordination of economic
aspects when product productivity and quality above a certain level were secured. Finally,
the stability of catalyst activity was evaluated through coking analysis using H, /CO,
under the optimal conditions selected by the Taguchi method.

2. Materials and Methods
2.1. Catalyst Preparation

The catalyst used in this experiment was 40Ni5Mg-Al-Zeolite synthesized by the co-
precipitation method, which contains 72 wt% NiO, 16 wt% Al,O3, and 12 wt% SiO,. Nickel
nitrate (Ni(NOs3),.6H,0), Magnesium nitrate (Mg(NO3),.6H,0), and Aluminum nitrate
(AL(NO3)3.9H,0) were dissolved in distilled water. The solution temperature was raised
to 50 °C while stirring the solution using an overhead stirrer. Then, aqueous ammonia
was added dropwise to the solution to precipitate solid particles until pH 7 was reached.
After the reaction was carried out for 3 h, the filtered solid powder was dried at 110 °C
overnight. The solid material obtained was calcined at 500 °C for 5 h. The prepared catalyst
was mixed with a binder (graphite 5%) and zeolite (Chabazite, Si/Al = 16, 10%) and then
calcined at 600 °C for 5 h. The catalyst was used in the form of a pellet (diameter = 5 mm,
height = 7 mm) with a specific surface area of 161.1 m?/g and a micropore volume of
0.027 cm3/g.

2.2. Catalyst Activity Test
2.2.1. Experimental Apparatus

CO;, methanation experiments under various operating conditions were performed in
a fixed-bed reactor (ID = 10 mm, height = 60 mm). The mesh was installed to support the
catalyst bed inside the reactor, and 1 g of the catalyst was filled in the catalyst bed.

Preheated feed gases (IN; as an inert gas, H,, and CO;) were injected into the reactor
and controlled by a mass flow meter at a specific H, /CO; ratio. In addition, N, was used as
the reference flow rate to evaluate the flow of product gas exiting the reactor. Thermocou-
ples were inserted at the top and bottom of the reactor to measure the temperature of the
catalyst bed and the temperature inside the reactor. The reactor temperature was controlled
by an external heating jacket surrounding the reactor. The pressure was controlled by a
back-pressure regulator located at the rear end of the condenser (Figure 1).
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Figure 1. Schematic diagram of the experimental apparatus.

2.2.2. Data Analysis

A 2Ch-MicroGC (3000 MicroGC Gas Analyzer, Inficon Co., Bad Ragaz, Switzerland)
was used to analyze the components of the gas product. The gas from the reactor was
dewatered from the condenser and flowed through a filter into a gas chromatograph (GC).
The concentration of the gas was then measured in real time in the GC. To ensure the
reliability of the reaction, the stream measurement time for each test was at least 2 h. Two
columns were used to analyze the cooled reaction gas: Mol-Sieve5A (10 m x 0.32 mm x
30 um, Inficon) and Plot U (8 m x 0.32 mm X 30 pm, Inficon). To reduce the delay in the
analysis of the reaction gas, a PLOT U column was additionally placed on the Mol-Sieve5A
column and injected by using a back-flush pretreatment. A micro-thermal conductivity
detector was used, and the temperature of the column oven was maintained at 70 °C. Argon
was used as the carrier gas for the Mol-Sieve5A column, and helium was used for the
PLOT U column. As the reaction gas passed through the column for 240 s, chromatograms
of hydrogen, nitrogen, oxygen, carbon monoxide, and methane were obtained from the
Mol-Sieve5A column. In addition, the chromatogram of CO, was obtained from the PLOT
U column, and quantitative analysis at the ppm level was performed by calibrating the
curve using a standard gas.

The reaction performance was evaluated using Equations (4)—(6).

Xco2(%) = (Fcoa,in — Fcoz,out)/ Fco,in % 100 4)
Scra(%) = Fcra/ (Fcha + Feozout) % 100 )
Ycra(%) = Xcoz2 % Scra/100 ®)

where Xi is the conversion of i species, Fi is the molar flow rate, Si is the selectivity, and Yi
is the yield.

2.3. Taguchi Experimental Design Method

The Taguchi design method was performed using Minitab 20 software to determine
the optimal operating conditions for CO, methanation. The optimal values of all parameter
combinations may not be within the same ranges used in the experimental design. Never-
theless, the Taguchi design method was used to increase the efficiency of the experiments
by minimizing time loss [17,18].

Based on previous studies, the temperature, pressure, and space velocity of the reactor
were selected as the main factors affecting the performance of CO, methanation. Table 2
shows the factors and levels used in this study.
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Table 2. Experimental parameters and their levels for the Taguchi design.

Factor Unit Level 1 Level 2 Level 3 Level 4
A Temperature °C 280 315 350 385
B Pressure bar 1 7 13 19
C Space velocity h-! 6000 13,500 21,000 28,500

An orthogonal array with different combinations of input parameters was designed
using the Taguchi method. The Taguchi L16 array, including three factors and four levels
for analysis, is shown in Table 3.

Table 3. L16 orthogonal array used in this study.

Factor A Factor B Factor C

No. Temperature (°C) Pressure (Bar) Space Velocity (H—1)

1 280 1 6000

2 280 7 13,500

3 280 13 21,000
4 280 19 28,500
5 315 1 13,500

6 315 7 6000

7 315 13 28,500

8 315 19 21,000

9 350 1 21,000
10 350 7 28,500
11 350 13 6000
12 350 19 13,500
13 385 1 28,500
14 385 7 21,000
15 385 13 13,500
16 385 19 6000

In the Taguchi method, controllable factors are termed parameters, whereas uncontrol-
lable factors are referred to as noise (N). The method used to calculate the signal-to-noise
(S/N) ratio can be classified into three types: larger is better, nominal is best, and smaller is
better. In this study, the larger is better rule was adopted with the goal of maximizing the
CO; conversion rate [19]. The S/N ratio can clarify the quantitative characteristics of the
process parameters and products. It was calculated as follows:

S/N ratio = —1010g1/y2/n (7)

where y is the CO, conversion or CHy yield, and 7 is the number of factor level combination
reactions.

2.4. Catalyst Characterization
2.4.1. Qualitative Analysis of Catalyst Characterization

The specific surface area of the catalyst was measured based on the N, adsorp-
tion/desorption isotherm, which was determined using a Brunauer-Emmett-Teller (BET)
analyzer (Tristar II 3020, Micromeritics, Norcross, GA, USA). During pre-treatment, the
sample was degassed under vacuum at 150 °C for 1 h. The BET method was then used to
calculate the specific surface area.

A field scanning electron microscope (Mira3, Tescan, Kohoutovice, Czech Republic)
was used to analyze the surface structure of the catalyst. After drying the catalyst sample
at 120 °C for approximately 1 h, the catalyst was coated with a metal, and nitrogen was
added under vacuum. The surface structure of the catalyst before and after the reaction
was determined from scanning electron microscopy (SEM) images.
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2.4.2. Quantitative Analysis of Coke Production

After 16 sets of experiments consisting of a Taguchi orthogonal array, additional
tasks were performed for each H, /CO, ratio under the determined optimal conditions. A
thermogravimetric analyzer (DTG-60, Shimadzu, Kyoto, Japan) was used to investigate
the coke produced in the catalyst after the CO, methanation. The temperature was raised
to 800 °C at a heating rate of 10 °C/min under an air atmosphere. This temperature was
maintained for 5 min, while the sample mass was measured. The equation used to calculate
the mass of coke produced was as follows:

Mt,b - Mt,a

t,a

We(wt%) = x 100 8
where W, is the coke weight percent (wt.%), and M, ;, and M;, are the sample mass before
and after thermogravimetric analysis, respectively.

3. Results and Discussion
3.1. Taguchi Approach

Figure 2 shows the average S/N ratio plot for each factor based on the experimental
results of the Taguchi L16 combination. The profile of each factor (Figure 2) indicates
that the output factors (CO; conversion rate and CHy yield) did not increase or decrease
according to the level change in each factor. For factor A (reactor temperature), the S/N
ratio formed an inflection point at 315 °C. Tamimi et al. [20] reported that an increase
in the reaction temperature up to 350 °C leads to higher CO, conversion, but a further
temperature increase can decrease the conversion because of the thermodynamic limit.
Although the degrees of influence of the pressure and space velocity on the conversion
rate were different, the trends were similar to those in the results of several previous
studies [14,20-23].
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Figure 2. Primary effects of S/N ratio on CO; conversion and CHy yield.

A larger average S/N ratio leads to higher CO, conversion and CHy yield. The effect
of each factor was calculated by subtracting the minimum S/N ratio from the factor’s
maximum S/N ratio [24,25]. The magnitude of change in the average S/N ratio indicates
the magnitude of influence of each factor on CO; conversion and CHy yield. The effects of
temperature, pressure, and space velocity are shown in Figure 3a.



Energies 2021, 14, 8414

7 of 12

(@)
2.0

Pressure

1.5 ~

1.0 A

Effect value

0.5 - Space velocity
) Temperature

0.0 -

(b)
41

40

3
03 3909 o om sooap L 3027

39 3876

378
38 ’

S/N ratio

37

36

TN T T T T T T A B R 1
e
]
=3

35

=l W e LA G -] 00 ND e e e e e e e
L= A -]

Case

pIpalg

Figure 3. Profiles of (a) effect value in terms of CO, conversion and CHy yield, and (b) mean S/N
ratios for 16 cases of orthogonal array and optimal combinations.

A higher effect value suggests a greater effect on the yield and conversion rate of CO,
methanation. Figure 3 shows that the relative influence of the factors was ranked as reactor
pressure (Factor B) > space velocity (factor C) > temperature (factor A), and the influence
of pressure (factor B) on CO, conversion and CHy yield was clearly more pronounced than
that of the other two factors. The optimal conditions for CO, methanation were obtained
by selecting and combining the levels at the highest S/N ratio for each factor. As shown
in Figures 2 and 3a, the combination of optimal conditions for each factor that led to the
highest S/N ratio corresponded to the second level in factor A, the fourth level in factor
B, and the first level in factor C. This result indicates that a reactor temperature of 315 °C,
a pressure of 19 bar, and a space velocity of 6000 h~! formed the optimal combination of
operating conditions. Figure 3b shows the S/N ratio profile of the experimental results
obtained using a Taguchi L16 array design combination, including the S/N ratio for the
optimal combination.

Catalyst reactions are fundamentally complex phenomena, and their productivity is
affected by several interactions. Therefore, the optimization results can be influenced by
the effects of interactions. Potential interactions between different control factors can be
interpreted as the magnitude of the difference between the predicted performance and
the validation experiment [24]. Accordingly, a verification experiment was performed
because the obtained combination of the three optimal conditions was not included in the
previously performed Taguchi L16 array.
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Table 4 shows the verification results of the experiments analyzing the parameter
combination A2B4C1. The experimental results were compared to the predicted values.
The relative difference (in percent) in the S/N ratio was 0.87, and the predicted value
for each combination was close to the experimentally measured value. The differences
between the predicted and the experimental responses were attributed to the interaction
between parameters. The Hp /CO, ratio is among the main factors determining the CO,
methanation performance, along with temperature, pressure, and space velocity. Therefore,
the effect of the Hy /CO; ratio on the methanation reaction was investigated under the
optimal combination of operating conditions obtained by the Taguchi L16 orthogonal array
experiment. A Hy/CO, range of 3.6-4.0 was selected to ensure sufficient methane yield in
commercial plants and maintain long-term performance.

Table 4. Validation results from experiments for optimal parameter combination.

Parameter Predicted Experimental Confirmation
Pt Relative Difference (%
Combination S/N Ratio S/N Ratio v %)
A2B4C1 39.80 39.45 0.87

3.2. Catalytic Performance

Figure 4 shows the effect of the H, /CO, ratio on the CO; conversion and CHy yield
at 315 °C, a pressure of 19 bar, and a space velocity of 6000 h~!, which were the operating
conditions of the optimal combination. The catalytic performance was found to be similar
to the thermodynamic equilibrium value [6]. The CO; conversion and CHy yield increased
as the H, /CO, ratio increased from 3.6 to 4.0. The quality and production capacity of
methane can be affected by potential and complex interactions between several factors. For
instance, increasing the Hy /CO; molar ratio in the reactant increases the CO, conversion
rate by increasing the amount of Hj that can react with CO, [20,26]. However, an excessive
amount of Hj can increase the amounts of CH,; produced and the amounts of unreacted
Hy; thus, the economic aspects of this reaction should be carefully evaluated.

100 100
— 90 - / - 90
S
= =
S 80 A L 80 =
Z =
2 e
= J L )
S 01 1o315°C 70 =
ON P =19 bar —e—X CO2 Q
O 60 1 SV=6000h! - - 60
—m—Y CH4
50 T T T T 50

3.5 3.6 3.7 3.8 3.9 4.0 4.1
H,/CO, ratio

Figure 4. Effect of Hy /CO, on CO; conversion and CHy yield at 315 °C, 19 bar, and 6000 h1.

Deactivation of the catalyst by coke is very important for catalysts used in the indus-
trial field. Accumulation of coke in the catalyst bed may prevent the injected gas from
passing through the catalyst bed and thereby cause backflow. Therefore, we investigated
the performance of the overall process by considering the potential for catalyst coking
obtained in the experiments using different H, /CO, ratios.

Figure 5 shows the amount of coke produced after the reaction at Hy /CO, = 3.6, 3.8,
and 4.0. The amount of coke produced was compared based on the wt.%. Coke production
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increased by approximately 1.2-1.8 times as the H, /CO; ratio increased from 3.6 to 4.0.
Ocampo et al. [21] reported that a lack of hydrogen can promote catalyst deactivation.
However, under all three conditions, the amount of coke generated (approximately 2 wt.%)
was considered insignificant compared to the total amount of catalyst. Therefore, the oper-
ating conditions can be adjusted while considering the economic balance if a production
capacity above a certain level is guaranteed.

4
(24 h after reaction stabilization)

— 3 T=315°C
2 | P =19 bar
‘;' SV = 6000 h!
g 27
=
]
2
s 17
]

0 T

3.6 3.8 4

H,/CO, ratio
Figure 5. Coke produced during CO, methanation at different Hy /CO, molar ratios.

Table 5 shows the specific surface area and pore volume of the catalyst particles
measured according to the BET method by N, gas adsorption. The BET surface area was
approximately 80-82% of that of the fresh catalyst. The volume of 1.7-300 nm pores slightly
decreased compared to the fresh catalyst as the CO, methanation proceeded, but the effect
of the Hy/CO; ratio was small or insignificant. Previous studies showed that alumina
sinter easily under hydrothermal conditions, contributing to the reduction in the BET
surface area [27]. The formation of deposits and pore clogging on the catalyst surface may
decrease the specific surface area, which can decrease the CO, conversion rate. The degree
of influence of the H, /CO, ratio on the BET surface area and pore volume was distributed
at almost the same level.

Table 5. BET analysis of catalysts after CO, methanation for 24 h.

H./CO Bet Surface Area 1.7 nm-300 nm Total Pore Volume
72 (m?/g) Pore Volume (cm3/g) (cm3/g)
3.6 129.2 0.24 0.298
3.8 130.1 0.24 0.300
4.0 132.8 0.25 0.298
Fresh catalyst 161.1 0.26 0.301

The presence of carbon deposits on the catalyst surface was observed by using SEM.
Figure 6 shows the SEM images after CO, methanation of the surface morphology and
after carbon deposition changes in the catalyst for each H, /CO; ratio. Figure 6a—c shows
that the pore structure was lost because of gradual thermal fatigue as compared to the fresh
catalyst shown in Figure 6d. The carbon deposition on the catalyst surface appeared to
slightly intensify as the Hp /CO; ratio decreased, but the difference was negligible.
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(b) H2/CO: = 3.8

!

(c) H/CO2=4.0 (d) Fresh catalyst

Figure 6. SEM images of catalysts after CO, methanation at Hy /CO, molar ratios of (a) 3.6, (b) 3.8,
and (c) 4.0, and for (d) fresh catalyst.

The effects of the three H, /CO, ratios (H, /CO; = 3.6, 3.8, and 4.0) on CO, conversion
and CH, yield were similar and led to nearly identical effects on carbon deposition. In other
words, H, /CO, molar ratios of 3.6-4.0 did not substantially affect the CO, methanation
performance. Therefore, the results indicate that stable operation is possible under the
optimal combination for CO, methanation obtained using the Taguchi design method
within the H, /CO, range of 3.6—4.0.

4. Conclusions

We optimized the operating conditions of CO; methanation using the Taguchi design
method. The CHy yield was maximized by selecting the output factor (CO, conversion)
and efficient parameters. Reaction temperature, reactor pressure, and space velocity
at three factors and four levels were investigated as influencing factors. The relative
influence of these factors on CO, methanation experiments using a Taguchi L16 array
were in the following order: reactor pressure (factor B) > space velocity (factor C) >
reaction temperature (factor A). The optimal combination of operating conditions for
CO; methanation was a reactor temperature of 315 °C, a pressure of 19 bar, and a space
velocity of 6000 h~!. The optimal combination of parameters that was obtained was
verified through experiments, and the relative difference (in percent) between the predicted
and the experimental S/N ratio was 0.87. We also investigated whether stable catalyst
performance could be achieved under the selected operating conditions, as well as the
degree to which the H, /CO, ratio affects the CO, conversion rate and CHjy yield. Based
on a stoichiometric ratio of H, /CO; = 4, the CO; conversion and CHy yield increased
as the H, /COj ratio increased from 3.6 to 3.8. The amount of coke generated after the
reaction was inversely proportional to the Hp /COj ratio, but the amount of coke generated
for all Hy /CO, ratios (3.6, 3.8, and 4.0) accounted for only approximately 2 wt.% of the
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total sample mass. The results obtained using the Taguchi design method and catalyst
characterization demonstrate that sufficient methane yield and long-term operational
stability can be obtained at 315 °C, 9 bar, and 6000 h~1 in the range of Hy /CO; = 3.6-4.0.
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