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Abstract: Compared with the traditional granular catalyst, a mesh-type structured CuZn-based
catalyst prepared by the self-growth ordered nanoporous carrier y-Al,O3 /Al can adapt to the MSR
reaction system with high flux, strong mass transfer and heat transfer, and can promote the practical
process. In this study, the kinetic experiment using a CuZn-based structured catalyst was carried out,
and a nonlinear single-rate PL model was established. Based on this, a 3D theoretical model of the
MSR reformer was drawn in COMSOL Multiphysics. By changing the stacking form and mesh shape
of the catalyst to construct the flow channel, the chemical reaction process, heat transfer process, and
mass transfer process of the CuZn structured catalyst in the reformer under different flow channels
are further simulated, which provides a theoretical basis for studying the enhancement of the MSR
reaction and the development of a supporting micro hydrogen production system.

Keywords: methanol steam reforming; CuZn-based structured catalyst; electrodeposition intrinsic
kinetics; flow channel construction

1. Introduction

Amid the dual crises of energy and environment, hydrogen energy has emerged as a
focal point of research for various countries [1,2]. With the technological advancement of
proton-membrane fuel cells (PMEFCs), the challenges in hydrogen energy development
have shifted from utilization to transportation and storage [3-5]. Compared to the most
commonly used high-pressure gaseous hydrogen transportation technology, methanol
hydrogen storage technology stands out due to its high hydrogen storage density, a carbon-
to-hydrogen ratio of 1:4, and its low sulfur content, making it a preferred feedstock for steam
reforming hydrogen production. Utilized in distributed online hydrogen generation, it can
effectively address the issues of hydrogen storage and transportation, thereby reducing
the costs associated with hydrogen energy logistics. The development of fast-startup,
high-efficiency micro hydrogen production systems has become a significant research focus,
with the coupling of catalysts and reformer being a key technology in such systems.

The main reaction of methanol reforming for hydrogen production is shown in
Formula (1), and the side reactions include methanol decomposition and reverse water gas
shift reaction (rWGS), shown in Formulas (2) and (3):

CH30H + H,O — 3H, + CO,  AH® = +49.4 kJ/mol (1)
CH30H — 2H, + CO  AH® = 492.0 k] /mol 2)
CO, 4+ Hy — H,O+CO AH® = +41.4kJ/mol (3)

Some possible side reactions include methanation, formaldehyde synthesis, dehydro-
genation, dehydration, etc., shown in Formulas (4)—(7):

2CH30H — CH3 4+ CO, +2H, AH° = —66.9 kJ/mol (4)
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CH;O0H — CH,O + H, AH® = +84.7 k] /mol (5)
2CH30H — HCO,CH; +2H,  AH° = +64.4kJ/mol (6)
2CH3;0H — (CH3),0 +2H,0  AH® = —23kJ/mol 7)

With the traditional granular catalyst, it is difficult to realize regular stacking, and it
easily leads to uneven temperature and concentration distribution in the reformer; it also
has the disadvantages of large pressure drop, easy blockage and wear, and low efficiency,
which make it difficult to be adapted to the requirements of the reaction system with high
flux and strong mass and heat transfer [6]. About the design of the channel structure, few
studies are using the structural characteristics of the catalyst itself to build the flow channel
and study the chemical reaction process and how mass transfer and heat transfer of the
system are developed, most studies change the internal structure of the reactor to adjust
the flow channel [7,8].

In the previous work of this study, by constructing CuyO/ZnO synergistic catalytic
sites, we developed a mesh-type structured CuZn /vy-Al,O; catalyst with high temperature
resistance, long life, fast start-up, and high activity [9]. On this basis, the kinetic behavior of
a CuZn-based core-shell catalyst was carried out. Only the MSR reaction was considered,
and the power-law single-rate equation was used to describe the reaction kinetic process.
Furthermore, the kinetic parameters were applied to the reformer, and the effects of the
catalyst distribution configuration and mesh shape on the chemical reaction process and
mass and heat transfer process of the MSR reaction were studied, which provided a
theoretical basis for the study of strengthening the MSR reaction and the development of a
supporting micro hydrogen production system.

2. Results and Discussion
2.1. Catalyst Distribution Enhances the MISR Reaction Process

The simulation results in the micro-reformer show that the conversion rate Model C
(97.32%) > Model B (96.12%) > Model A (95.22%), which is consistent with the experimental
results and the literature results [10,11], as shown in Figure 1. This may be related to the
effect of different catalyst distributions on fluid disturbance.
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Figure 1. Simulated and experimental values of methanol conversion at 275 °C for different catalyst

distribution configurations.

As shown in Figure 2a—c, the hydrogen concentration at the inlet is Model C > Model
B > Model A. This is because the effective fluid contact area of the catalyst at the inlet
increases, which increases the flow resistance, increases the residence time of the reactants,
and promotes the reaction. From the streamline distribution, Figure 2d—f, the streamline of
Model A is mainly concentrated in the middle of the reformer, and there are few reactants
passing on both sides, which greatly reduces the utilization rate of the reformer as a whole.
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The streamline of Model B is mainly concentrated on both sides of the reactor, and less in
the middle. In contrast, the streamlines of Model C are denser on both sides and in the
middle of the reactor; that is, the reactor utilization rate is Model C > Model B > Model A,
which explains the reason for the higher conversion rate of Model C.

I—»Y

H: concentration (mol/m3) Flow velocity distribution (cm/s) *

Figure 2. H; concentration distribution in microreactor: (a) Model A, (b) Model B, (c) Model C. Flow
velocity distribution in microreactor: (d) Model A, (e) Model B, (f) Model C.

The concentration distribution of the reactant methanol in the reformer is shown in
Figure 3a—c. The horizontal line effect of the turbulence [12] can be further analyzed. The
concentration distribution is Model C > Model B > Model A at the lower right of the reactor,
which is due to the turbulence effect of the catalyst on the fluid. The Model A fluid flows
directly through the channel from the inlet to the outlet, resulting in a dead zone at the
lower right. The effective contact area between the Model C catalyst and the fluid is larger,
and the fluid collides with the catalyst. Lateral diffusion reduces the dead zone [13] and
improves the utilization rate of the reformer.

The streamlines at the entrance are shown in Figure 3c—e. Compared with Model A
and Model B, the streamline distribution density around the entrance of Model C is greater
than that at the center, which confirms that the turbulence will exert a transverse diffusion
force on the fluid. The above shows that the mass transfer efficiency of Model C is the best.

Further analysis of the heat transfer situation, as shown in Figure 4a, is the temperature
distribution along the vertical direction (z-axis direction) at the entrance, exit, and geometric
center of the reactor at the entrance of the mesh alignment in Model A and the optimal mass
transfer efficiency of Model C. The temperature distribution of Model A is the inverted
‘M’ type. The temperature near the boundary of the reformer is high, and the change
trend along the longitudinal direction is large. The temperature in the middle area of
z = 0.1~0.3 is low, and the temperature difference is not large, which is related to the
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streamline of Model A being mainly concentrated in the middle, as shown in Figure 2d.
The temperature distribution along the axial direction at the inlet and outlet of Model C
is basically unchanged along the z-axis direction. Only in the small dead zone formed, as
shown in Figure 3c the temperature changes greatly, which is related to the uniformity of
the Model C streamline on both sides and in the middle, as shown in Figure 2f. At the same
time, from the temperature difference of the same transverse section of the inlet-geometry
center—outlet, it can be seen that the three curves of Model C are almost overlapped, and
the temperature difference is about 0.1 °C. However, the curves of Model A are almost
overlapped, and the temperature decreases along the transverse line (y-axis direction). The
temperature distribution of the geometric center of the reactor along the transverse line
shown in Figure 4b is consistent with it. This shows that the heat transfer in the longitudinal
and transverse directions can be promoted by constructing a suitable flow channel to form
a certain disturbance.

iy
ey,

Figure 3. Methanol concentration distribution in microreactor: (a) Model A, (b) Model B, (c) Model C.
Methanol concentration distribution at inlet: (d) Model A, (e) Model B, (f) Model C.
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Figure 4. (a) The temperature distribution along the vertical direction (z-axis direction) at the inlet,
outlet and geometric center of the reactor with different models, (b) The temperature distribution of
the geometric center of the reactor along the y-axis of different models.
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2.2. The Channel Shape of the Catalyst Enhances the MSR Reaction Process

The simulation results of the methanol conversion rate with different channel shapes
are circular (99.11%) > square (98.35%) > equilateral triangle (98.12%) > rhombus (97.63%),
which is the same as the order of equivalent diameter. That is, in the case of the same
catalyst volume, the order of the catalyst surface area is opposite to that of the equivalent
diameter, but the difference is small. In this case, the deviation of the flow channel shape
from the fluid affects the concentration distribution, and the influence of the shape on
the heat and mass transfer inside the catalyst channel is the main factor causing different
conversion rates.

Under the same catalyst distribution, Model A, the deviation of methanol streamline
in the reformer with different pore shapes is shown in Figure 5. The deviation of the
channel to the streamline is rhombus > triangle > square > circle, which may be related
to the collision angle between the fluid and the channel. The larger the collision angle
between the fluid and the channel, the higher the final deviation. Appropriate deviation
contributes to the uniform distribution of concentration. Excessive deviation causes the
fluid to concentrate on both sides of the reactor, which reduces the utilization efficiency of
the reactor. At the same time, the average diffusion distance between the pores is rhombus
> equilateral triangle > square > circle. The shorter the diffusion path, the smaller the
diffusion resistance and the more conducive to strengthening the reaction. Finally, it is
determined that the conversion rate of circular pores is the highest.
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Figure 5. Effects of channel shapes on methanol concentration distribution: (a) Rhombus, (b) Equilateral
triangle, (c) Square, (d) Circle.

The simulation results of pressure drop in the micro-reformer with different channel
shapes are circular (0.059 Pa) < square (0.064 Pa) < equilateral triangle (0.071 Pa) < rhombus
(0.076 Pa). According to the calculation formula of pressure drop AP, Formula (8), it can be
seen that the pressure drop AP is inversely proportional to the equivalent diameter under
the same channel friction factor, channel length, fluid flow rate, and fluid density, which is
consistent with the simulation results. The larger the equivalent diameter, the smaller the
pressure drop, and the validity of the simulation results is also verified.

2
AP — 2fpvAL ®)
de
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Here, f is the friction factor of the channel, the same fixed value under the same
channel material; p is the fluid density; v is the fluid flow rate; L is the channel length; and
d, is the equivalent diameter.

The radial effective thermal conductivity A, can measure the heat transfer behavior
of the mesh-type structured catalyst in the radial direction [14,15]. The radial effective
thermal conductivity A, is shown in Formula (9):

Aer = Agla+ b(RePr)] )
pdev
Re = (10)
H
_ G
Pr= e (11)

Ag is the gas phase thermal conductivity, 2 and b are constants, Re is the Reynolds
number, Pr is the Prandtl number, p is the fluid viscosity, C, is the specific heat capacity
of the fluid at constant pressure, and A is the thermal conductivity. The term a represents
the static heat conduction capacity, and b(RePr) represents the convective heat transfer
capacity. When other conditions are the same, A, is positively correlated with de, so the
radial effective thermal conductivity is round > square > triangle > rhombus; that is, the
circular catalyst has better heat transfer capacity in the longitudinal direction, which is
conducive to accelerating the heat transfer inside the catalyst, reducing the temperature
difference between the inside and outside of the catalyst and the uneven temperature
distribution of the bed, improving the utilization rate of the catalyst and the catalytic
activity. In this study, the reaction condition is T = 548.15 K, p = 1 atm. When the mixed
fluid passes through the catalyst bed, the velocity is 0.2 m/s, the volume ratio of the mixed
fluid is VR, 0 : Vpeon @ VN, = 2 : 1 : 3; then, we can obtain the dynamic viscosity and
density of the mixed fluid, u = 1.755 x 10~#Pa/s, p = 0.539kg/m?>. The circular channel
has the largest d. = 0.700, so we can obtain R, ~ 430 < 2000, which belongs to the laminar
flow and is consistent with the simulation conditions.

There is a certain functional relationship between Sh and Re and Sc [16], shown in
Formula (12):

Sh— kd,
Das

k is the mass transfer coefficient, D 4p is the diffusion coefficient, and Sh is positively
correlated with de. The Sh value, circular > square > triangle > rhombus, represents the
ability of fluid mass transfer. The larger the Sherwood number, the stronger the fluid mass
transfer, the smaller the concentration difference between the inner and outer surfaces of
the catalyst, and the higher the utilization rate of the internal active components of the
catalyst, thereby improving the catalytic activity.

In order to reflect the flow in the micro-reformer, the fluid flow particle tracking
module of transient research was used to collect the fluid residence time distribution as
shown in Figure 6, and the average residence time and dimensionless variance of the fluid
were calculated. The results are shown in Table 1. For various catalyst channel types,
the degree of backmixing was square > circular > regular triangle > rhombus, and the
average residence time was triangle > square > round > rhombus. Due to the disturbance
of the catalytic bed to the fluid, the dimensionless variance of the fluid is greater than 0
but around 0.1, which means that there is a certain degree of backmixing but still close to
the plug flow, and it promotes the mixing of the reactants. At the same time, the residence
time is increased. Prolonging the residence time is beneficial to increase the contact time
between the reactants and the catalyst and promote the conversion of the reactants, but too
long a residence time will reduce the reaction rate.

= f(Re, Sc) (12)
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Figure 6. Effects of channel shapes on residence time distribution: (a) Rhombus, (b) Equilateral

triangle, (c) Square, (d) Circle.

Table 1. Residence time in the microreactors with different channel shapes.

Rhombus Equilateral Triangle Square Circle
Mean residence time ¢ (s) 18.1 19.3 18.3 18.2
Dimensionless variance (75 0.0867 0.1034 0.1059 0.1045

3. Model Development
3.1. Reformer Design

The monolithic structured catalyst has parallel channels arranged in a row and has a
uniform and regular structure. It is stacked to form a catalyst bed in the reformer. Compared
with the traditional granular catalyst, it can avoid the wear caused by particle movement.
At the same time, it has an open structure, low pressure drop, and short diffusion path,
and it improves the selectivity and catalytic efficiency of the reaction [17-19]. Different
catalyst distribution configurations and mesh shapes can construct different flow channels,
resulting in different flow fields and temperature distributions, which in turn affects the

utilization rate of the catalyst.

According to the structural parameters given in Table 2, the geometric structure of the
mesh-type structured catalyst in the reformer was established [20,21]. The overall structure
of the reformer is shown in Figure 7a,b.
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Table 2. Structural parameters of the micro-reformer.

Item Parameter
Diagonal length of rhomboid channel (mm) 1.225 x 0.629
Catalyst length x width x thickness (cm) 10 x 5 x 0.06

Number of catalyst layers 45

Gap between two layers of catalyst (cm) 0.01

Gap between catalyst and plate (cm) 0.18

Reactor length x width x height (cm) 10 x 5 x 35
Inlet and outlet radius (cm) 0.5
Reactant CH3;O0OH + H,O
Product CH30H + H,O + CO, + Hp + CO
Fluid velocity(m/s) 0.02
Feed temperature (K) 548.15
Reformer temperature (K) 548.15

Mole fraction: water/methanol 2/1

Pressure (atm) 1
Structured catalyst: (Cug Zn; 5/v-Al,O3/Al)

Catalyst porosity: ¢p 0.4

Catalyst effective thermal conductivity: 3
ks(W/(m x K))

Catalyst tortuosity: tp 1

AKX

Figure 7. The geometry of the reforming reformer: (a) schematic, (b) overall structure, (c) Model A,
(d) Model B, (e) Model C, (f) single-layer mesh-type catalyst physical diagram.

Three different catalyst distribution forms were designed, as shown in Figure 7c—e.
The actual morphology of the single-layer catalyst is shown in Figure 7f. The meshes of the
layers of catalyst in Model A are aligned. The catalyst of each layer in Model B is rotated at
a certain angle compared with the previous layer, and the edges of each layer of catalyst in
Model C are opposite to the mesh of the next layer. From Model A to Model C, the overlap

area of the adjacent two-layer grids increases in turn.
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Based on the study of the different catalyst distribution configurations, the effects
of different mesh shapes on the reaction were further simulated [22]. Using the Model
A configuration, as shown in Figure 8, four common mesh shapes were selected: rhom-
bus, triangular, square, and circular. Table 3 shows the structural parameters of the four
mesh shapes. The channel height and channel area of the four shapes are equal to en-
sure that the catalyst dosage, channel number, and bed porosity are the same under the
same catalyst volume. The overall methanol conversion rate was investigated, and the
transfer characteristics of the channels were studied, including the effects of momentum
transfer, heat transfer, and mass transfer, which have a certain influence on the activity of
the catalyst.

ﬁAQ&& Ooa00
VAVAVAN mimininin
JAVAVAN minininin

VAVAVAN minininin
VAVAVAN DOoOon
/NIN/N/ oooad
\WAVAVAV oooad
NOAALL oogad
AVAVAVAV Dogad

(b) (c) (d)

Figure 8. Different channel shapes of catalysts: (a) Rhombus, (b) Equilateral triangle, (c) Square,
(d) Circle.

Table 3. Structural parameters of catalyst channels.

Parameter Rhombus Equilateral Triangle Square Circle
Channel area (mm?) 0.385 0.385 0.385 0.385
Equivalent diameter (mm) 0.415 0.544 0.620 0.700
Perimeter (mm) 3.708 2.829 2.482 2.200
Height (mm) 0.6 0.6 0.6 0.6
Surface area per layer (mm?2) 85.72 85.20 84.99 84.82
3.2. Kinetic

In the previous work, the optimal reaction conditions were optimized by thermody-
namic analysis, and the life of the CuZn catalyst in the reformer was tested. The methanol
conversion rate with time at the highest reaction temperature of 548.15 K is shown in
Figure 9. The initial conversion decreased slightly, and the conversion rate tended to be
stable at about 90% within 3-26 h. Therefore, the subsequent intrinsic kinetic experiments
were carried out within 3-26 h to ensure the accuracy of the experimental data.

Under the premise of catalyst stability and elimination of internal and external dif-
fusion effects, 25 sets of intrinsic kinetic experiments of the methanol steam reforming
reaction were investigated in this experiment, and 16 sets were selected as model data.
The reaction conditions were as follows: pressure of 1 atm, water/alcohol ratio of 2/1,
temperature of 498.15-548.15 K, W/F of 32.2-51.7 kg-s/mol.
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Figure 9. MSR methanol conversion of CuZn catalyst in durability test at 548.15 K.

The power function rate equation is one of the most commonly used phenomenolog-
ical kinetic models [23]. Its expression form is simple and accurate within the scope of
application, and it is generally used to guide industrial production. The methanol steam
reforming reaction process includes the MSR main reaction and MD, rtWGS, and other
side reactions. Under the condition of T < 548.15 K, the content of CO produced in this
experiment is low. Under the condition of excluding other side reactions, the single-rate PL
model of MSR reaction is established, as in Formulas (13) and (14):

3
—Eu) Pco, Py
rsr = ksrexp| ——= | PZ Pl 1— z (13)
SR SR P( RT CH3;0H HZO< KsrPcr,00PH,0
50240 — 170.98T — 0.0264T2
ksg = exp(— RT ) (14)

ksr is the pre-exponential factor of the MSR reaction, E, is the reaction activation
energy, R is the general gas constant, T is the reaction temperature, n and m are the
partial pressure series of methanol and water, respectively, P; is the partial pressure of
the components, and kg is the equilibrium constant expressed by pressure. As shown in
Formula (15), ksr increases with the increase in temperature, and the equilibrium constant
is greater than 10* in the temperature range of 508.15 K-548.15 K. Therefore, the single-rate
PL model can be simplified as follows:

—E

According to the principle of integral reactor [24], the integral form of MSR rate is

—TAdW = FAOdXA (16)
w _ /AF dX 17)
Fro Jo —ra

Fa is the molar flow rate of methanol, which is the methanol reaction rate per unit
mass of catalyst in unit time; W is the mass of catalyst; and X 4 is the methanol conversion
rate. The relationship between X 4 and the partial pressure of each component is shown
in Formula (18). The by-product CO concentration is low and can be ignored. So, it can
be simplified to Formula (19), and the methanol conversion rate is replaced by the CO,
generation rate:

Xa = (Pco, + Pco)/ (Pco, + Pco + Pcuyon) (18)
Xa = Pco,/ (Pcoa + Pchyon) = Xco, (19)
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The change of CO, production rate with W/F is shown in Figure 10. The data are fitted
by cubic polynomial regression analysis, and the relationship with W/F can be obtained
by derivation:

X a(l )+b(1 >2+c(1 )3 (20)
A7\ W/ a0 W/Fa0 W/Fa0
r —a+2b<1> +30(1>2 1)
A W/Fao W/Fao
40 -
35 F
A
= 30
S
> 25} )
&
~ o m 508.15K
20 e 51815K
A 528.15K
5L v 548.15K
30 . 35 . 40 . 45 . 50 . 55

W/F(kg-s/mol)

Figure 10. Effects of space velocity on Xcop at different temperatures (W/M =2, 1 atm).

Two methods are used to solve the problem, which are linearization and direct nonlin-
ear fitting. Through the multiple linear least squares algorithm, the multiple correlation
coefficient is less than 0.9, the model is not significant, and the reaction order is obviously
unreasonable, being completely divorced from the actual physical significance, so it is
not used. The fitting method is to construct the objective function, and the Levenberg—
Marquardt algorithm in the nonlinear curve fitting in Origin is used to fit and directly solve
the parameter values (Formula (22)):

S=Y. (VSR - VSAR)2 (22)

After nonlinearization, the statistical test results of the kinetic model parameter F
are shown in Table 4, pz is greater than 0.9, and Fy; n-m-1 is 206.5, which is more than
10 times greater than Fjgs with a confidence region of 95%, indicating that the model
equation is significant and credible. The comparison between the calculated value and the
experimental value of the reaction rate of the PL model is shown in Figure 11. The fitting
effect in the low-reaction-rate section is better than that in the high-reaction-rate section.
After removing a significant deviation point, the data points are evenly distributed on both
sides of the diagonal line, with an average relative error of 9.95%. The error between the
model value and the experimental value is within the acceptable range, and the fitting
effect is ideal, which can meet the requirements of the subsequent MSR reaction simulation.

Table 4. Statistical test of PL model parameters after linearization.

N M p? Fm, N-M-1 Fo.05
16 4 0.9361 206.5 1.366 x 10710
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Figure 11. Comparation of calculation and experiment values of reaction rate after linearization.
The final single-rate PL model expression, Formula (23):

—63320.6
rsr = 4.377 x 107exp (RT> PE11.01PH (23)

The kinetic model of the MSR reaction is partially summarized as shown in Sup-
plementary Table S1. It can be seen that the activation energy of MSR is in the range of
76-120 kJ /mol, the activation energy of ME is in the range of 114-168 kJ/mol, and the
activation energy of rWGS is in the range of 70-110 kJ/mol [25-28]. The kinetic models
of MSR with different catalysts and reactors are different. The activation energy of the
MSR reaction obtained in this study is 63.32 k] /mol, which is lower than that of common
statistical catalysts, which explains the high catalytic activity of the CuZn catalyst used in
this study.

The MSR reaction is a complex gas—solid phase catalytic process, and there are complex
flow, mass, and heat transfer situations in the reformer. The chemical reaction module
is used to simulate the catalytic reaction. The catalytic layer is a porous medium layer,
the flow adopts the laminar flow module of COMSOL, and the mass transfer module in
the porous medium is enabled. The heat transfer involves the heat transfer in the porous
medium layer. The porous medium heat transfer module is selected. Considering the
excessive air velocity and ignoring the influence of external diffusion, the control equations
are as follows:

Flow equation:

1 1 "
—po(u-V)u— =V - [—pl+K] — (;ucl—i—,[%p|u|+Qz>u+F (24)
Ep Ep &
1 o 2 1
K=yu—(Vu+(Vu)') —zu—(V-u)l (25)
€p 3" ¢p
V- (pu) = Qm (26)
Heat conduction equation:
prP/fM'VT_‘_V'q:Q+QP+de+Qgeo (27)

q=—kessVT (28)
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ke f = Osks + 8pkf + kdisp (29)
Diffusion equation:
Vit p(u- Viw; =R; (30)
Deik = fe(ep,TF)Dix, Dg; = fe(ep, Te) D (31)
1—wj wi\ M;

DP=_— "1  M,= L , i = pw;y , —~DI'V 32
i Zk;&i Dxe];k n (Zz Mi) Jeji P(UZZk M, k vV Xk (32)

The kinetic equation after unit correction:

—63320.6

rsr = 4.377 x 107exp(RT> PE11.0PH0 (33)

4. Experiment
4.1. Catalyst Preparation

The size of the commercial aluminum mesh is 1.2 x 0.32 mm, the thickness is 0.5 mm,
and the mesh shape is rhombus. Prepare 10 wt % NaOH and 10 wt % HNOj to pretreat
the aluminum mesh to remove surface impurities. The monolithic y-Al,O3/Al carrier
was prepared by anodic oxidation method [29,30] referring to the preliminary work of
our laboratory. The specific preparation method is shown in Supplementary Materials S1.
ZnO/vy-Al,O3/ Al was prepared by IW impregnation method, in which Zn (NOj3), (99%)
was heated to liquid state at 90 °C, and then y-Al,O3 /Al was completely immersed in liquid
Zn (NO3); solution for 1 h. After washing and drying, ZnO/vy-Al,O3 /Al was calcined at
500 °C or 4 h in a muffle furnace. The CuZn/vy-Al,O3/Al was obtained by impregnated
in 1.5 mol/L Cu (NOs3); solution, controlling the pH value at about 4, taking out after
12 h, and then, the catalyst was washed with deionized water and dried naturally and was
finally calcined at 500 °C for 4 h in a mulffle furnace.

4.2. Catalyst Evaluation System

The methanol steam reforming (MSR) experiment was carried out in a stainless steel
MSR reformer with a diameter of 11 mm. The mesh catalyst (3.0 g), cut by about 20 mesh,
and the quartz sand, with a 20-50 mesh, were pre-mixed to a volume of about 7.5 mL and
then filled into the reformer. In order to ensure the reliability of the experimental data,
repeated tests were performed on the same batch of catalysts to obtain multiple sets of
data, and a set of tests was selected to test the durability of the CuZn catalyst at the highest
reaction temperature of 548.15 K. Based on this, kinetic experiments were carried out.

The catalyst (1.0 g) was cut into discoidal mesh types of 10 mm and strung together;
these catalysts were mesh-aligned and rotated between two adjacent layers to form dif-
ferent stacking forms with a certain angle, as exhibited in Figure 12, and the activity of
different forms of catalysts was tested. The evaluation method, the calculation of methanol
conversion, Hj yield, product selectivity, and conversion frequency are introduced in
Supplementary Materials S2.

Gas chromatograph  Soap bubble flowmeter

N Control system’ =
=
- MSR Reformer
=0
e

N Condensation
\

Pump I';ium / | ]
BLly- ¢

Kinetic !

Thermostat
0 metbanel

F I/ Flow channel | Liguid collector
construction !

verification

Figure 12. Experimental apparatus for activity and durability testing system in MSR.



Catalysts 2024, 14, 913

14 of 15

References

1.

5. Conclusions

In this work, a mesh-type structured CuZn-based catalyst prepared by self-growth on
an ordered nanoporous carrier y-Al,O3 /Al was developed for methanol steam reforming
reactions. On this basis, a 3D theoretical model of the MSR reformer was established.

Firstly, the MSR reaction kinetics of the mesh-type structured CuZn catalyst was
studied. The PL-type kinetic equation of single rate was selected. On the basis of catalyst
stability and elimination of internal and external diffusion, the kinetic equation was ob-
tained by kinetic experiments in the reformer. The results of the nonlinear solution are
credible and significant. Considering that the MSR reaction is a complex gas—solid phase
catalytic process, there are complex flow, mass, and heat transfers in the reformer. The final
unit corrected kinetic equation is as follows:

—63320.6
rer = 4.377 X 107exp (RT) PéH3OHP117iS(9)

Secondly, based on the characteristics that the network structured catalyst can con-
struct the flow channel through different distribution configurations, a simulation of the
structured catalyst in the reforming reactor was carried out, and the influence of the catalyst
stacking form and the pore shape on the three-transmission and one-reaction was further
analyzed. Finally, the following points were obtained to optimize the catalyst distribution
configuration in the reformer to promote mass and heat transfer:

(1) The flow channel constructed by the ‘hole-to-edge’ configuration of the rhombic
structured catalyst was the best, and the highest methanol conversion rate and the
highest mass and heat transfer efficiency were obtained, which improved the catalyst
and reactor utilization to the greatest extent.

(2) The mesh shape of different catalysts has a significant effect on the reaction. The
pressure drop of the circular channel is the smallest, and the mass transfer and heat
transfer ability is the strongest. The mixing and uniform distribution of the reactants
are promoted by superimposing the turbulence of the channel shape.

The above viewpoints have a certain guiding significance for the application and
design of structured catalysts in reforming reactors.
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