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Abstract

Recently, the use of clean energy has become an interesting topic for researchers, 
with Hydrogen attracting the attention of researchers and industries as an alternative 
energy source. Among existing hydrogen production sources, methanol fuel is 
considered an attractive feedstock for hydrogen production due to its advantages. 
However, the output stream from a methanol steam reforming reactor contains 
some carbon monoxide, and considering that carbon monoxide leads to fuel cell 
catalyst damage, its concentration needs to be reduced. The present work focuses 
on the design and simulation of a purification system for the methanol steam 
reforming process. Therefore, in the present study, a PROX unit was used to 
reduce the concentration of carbon monoxide output in the reformer. In this system, 
Pt/Al2O3 catalyst was first used to increase the reaction rate. Then, Aspen plus V11.0 
software was used to simulate the PROX system. Subsequent results showed that 
carbon monoxide was completely removed from the system in the reactor. Next, 
in order to increase the concentration of hydrogen, a pressure swing adsorption 
(PSA) column, including an activated carbon absorber, was used as a purification 
system. Simulation and design of the PSA process were done in Aspen adsorption 
V11.0 software. A hydrogen purity of 99.9915% was obtained in the output stream 
from the PSA column. To validate the results obtained from the simulation, the 
present work was compared with the study of Abdeljaoued et al. [30]. The study’s 
simulation results showed an acceptable error percentage with the results of that 
article.
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1. Introduction 

Hydrogen is one of the most important compounds 
in industry, and its importance as an alternative en-
ergy carrier has increased in recent years due to the 
depletion of fossil fuels and increasing environmental 
concerns[1, 2]. Hydrogen can be produced through 
various processes, such as natural gas reforming or 
biogas, gasification, water electrolysis, photo-elec-
trolysis, and biological processes [3]. Among these 
processes mentioned, current hydrogen production 
on a large scale is usually achieved by two processes: 
fossil fuel reforming and water electrolysis, both of 
which are fully developed at industrial levels [4]. The 
reforming process includes steam reforming, partial 
oxidation, dry reforming, and autothermal reforming. 
Although steam methane reforming (SMR) is one of 
the oldest processes for producing hydrogen from 
methane [5, 6], at this time, natural gas steam reform-
ing is more cost-effective and efficient than methanol 
steam reforming for hydrogen production. Although 
methane steam reforming can be a suitable alternative 
to methanol economically, it is not a good solution for 
hydrogen production in the long term because natural 
gas reforming requires a high operating temperature, 
which produces a large amount of carbon dioxide [7, 
8]. In general, methanol has a high H/C ratio (about 
3-4) and unlike hydrocarbon fuels, methanol is free of 
any sulfur compounds [9]. Therefore, this fuel doesn’t 
need any additional equipment (such as desulfuriza-
tion and pre-reforming). Also, the reforming process 
related to methanol is done at a temperature of about 
200-300 °C [3], with methanol, water, carbon monoxr-
ide, carbon dioxide, and hydrogen as products of the 
methanol steam reforming process [10].
 If the purpose of hydrogen production is to use it in 
fuel cells, the amount of CO in the product stream 
should be minimal (less than 10 ppm) [11] because 
CO poisons the platinum anode catalyst. Among the 
various methods to reduce the concentration of carbon 

monoxide, preferential oxidation of carbon monoxide 
(PROX) is the simplest and most economical method, 
with the output stream from methanol steam reform-
ing including an insignificant concentration of CO 
(less than 1mole percent) [12]. 
In recent years, various works have been done in the 
field of methanol steam reforming process using dif-
ferent catalysts. For example, an integrated system 
for hydrogen production via autothermal reforming of 
methanol as a fuel in a polymer electrolyte membrane 
(PEM) fuel cell, including an autothermal reforming 
reactor, a preferential oxidation reactor (PROX), and 
a fuel cell, was designed and investigated  by Ou-
zounidou et al. [13].  In this work, a CuO/CeO2 cata-
lyst, at the temperature of 200.5℃, and an O2/CO ra-
tio of 1 to 5 resulted in about a 98% removal of carbon 
monoxide [13]. Other studies have investigated the 
best conditions for achieving a high conversion per-
centage of methanol and removing carbon monoxide 
from the system by studying operational parameters 
(i.e., operating temperature, the ratio of oxygen to car-
bon monoxide, and reactor length) [14, 15]. The cata-
lysts of the preferential CO oxidation process are di-
vided into three main groups: Noble metals catalysts, 
such as Pt, Pd, Ir, Ru, and Rh supported by mainly 
alumina oxide, are used as metal oxide. When the op-
erating temperature is less than 100 ℃, the combina-
tion of a gold catalyst with metal oxides such as iron 
or magnesium is a very suitable catalyst. When the 
operating temperature is between 170-190°C, a CuO/
CeO2 combination is the most suitable catalyst, with 
both high selectivity and high CO oxidation conver-
sion [16]. Noble metal catalysts such as Ru and Rh 
based on AL2O3 are very active and selective at about 
100 ℃. While the Pt metal based on Al2O3 is similarly 
very active and selective at the temperature of about 
200 ℃ [16, 17]. 
A purifying system must be used to achieve a high hy-
drogen purity percentage (above 99%). There are sev-
eral methods for purifying hydrogen, including cryo-
genic distillation, membrane separation, and pressure 
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swing adsorption (PSA) [18, 19]. Among these meth-
ods, PSA has become the most widely used separa-
tion process for H2 purification in chemical and petro-
chemical industries [20]. Impurities in the gas mixture 
including hydrogen are selectively absorbed on solid 
meso and micro porous adsorbents (i.e., zeolite, acti-
vated carbon, silica, and alumina gel) at high partial 
pressure. Then the adsorbed components are removed 
from the adsorbent by reducing the partial pressure of 
the gas phase so that the absorber can be reused. Ri-
beiro and colleugues studied the purification of hydro-
gen from the feed flow mixture, including impurities 
CO2, CO, and N2, by simulating an activated carbon/
zeolite adsorbent. Their results obtained hydrogen 
with a purity of 99.9994% in the output stream from a 
single-bed column simulation [21].
The focus of the present work is on the design and 
simulation of the purification system. First, the meth-
anol steam reforming process is explained briefly and 
then the process is divided into two parts. The first 
part of section 2 is related to the design and simulation 
of the PROX reactor to reduce the concentration of 
carbon monoxide and investigate the effect of opera-
tional parameters.  Section 2’s second part is related to 
the simulation of the pressure swing adsorption pro-
cess (PSA) in order to obtain hydrogen with a purity 
of more than 99.99% and validation of the simulation. 
Section 3 discusses the results and section 4 states the 
study conclusions.

2. Steam reforming process and  purifica-
tion system

One method of hydrogen production is methanol 
steam reforming. In this method, methanol is in liquid 
form at ambient conditions, which allows for compact 
storage and transportation of the fuel prior to refor-
mation [22]. Since the output of a methanol-reformer 
reactor contains a small amount of carbon monoxide, 
a PROX reactor is generally used as a purification 

system to reduce the concentration of this component 
and convert it into carbon dioxide. Next, a PSA sys-
tem, one of the purification methods, is used to obtain 
high-purity hydrogen.

2.1 Steam reforming of methanol

CuO/ZnO/Al2O3 catalysts, which work with an oper-
ating temperature in a range of 473-573 K, are used in 
the methanol steam reforming process. In a simulated 
methanol steam reforming reactor, the feed contains 
water and methanol with an S/C ratio of 1-1.4 [23].  
Under the right conditions, the most favorable stoi-
chiometric reaction is the steam methanol reforming 
reaction (SMR). In the SMR process, the presence of 
methanol and steam along with the catalyst at high 
temperatures leads to many parallel chemical reac-
tions. In addition to the SMR reaction, there are usual-
ly two other reactions that occur during the reforming 
process: the water-gas reaction (WGS) and the metha-
nol decomposition (MD) reaction. The three main re-
actions that take place in the methanol steam reformer 
are shown in the following equations [24].

CH3OH+ H2O         CO2 + H2 ΔH298K = 49.37 kJ/mol (1)

CH3OH        CO + H2 ΔH298K = 90.47 kJ/mol (2)
CO + H2O        CO2 + H2 ΔH298K = -41.10 kJ/mol (3)

2.2. Cleaning of CO with PROX Reactor 

PROX is a reaction to convert carbon monoxide to 
carbon dioxide, where CO competes with hydrogen 
for a reaction with oxygen. Therefore, some oxygen 
is consumed in this reaction. The catalyst plays an im-
portant role in increasing CO oxidation and reducing 
hydrogen oxidation. Two reactions are taking place at 
the same time inside the PROX reactor, the oxidation 
reaction of carbon monoxide as the main reaction and 
the oxidation reaction of hydrogen as a side reaction 

→
→
→
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that must be directed so that its effect, which leads 
to the production of water and hydrogen oxidation, 
becomes insignificant. PROX reactions are shown in 
equations (4) and  (5) [25].

CO+1/2O2               CO2 H=-282.98 kJ/mol∆ (4)
H2+1/2O2                 H2O H=-241.82 kJ/mol∆ (5)

2.3. Pressure Swing Adsorption Process

Pressure swing adsorption (PSA) is a widely used 
technology to separate several types of gases from gas 
mixtures. Because different gases tend to be more or 
less absorbed on different solid surfaces, adsorbents 
such as zeolites, activated carbon, molecular sieves, 
etc., are preferred for the adsorption of gaseous spe-
cies with high affinity at high pressure [26]. Then the 
absorbed components are removed by reducing the 
partial pressure of the gas phase so that the adsor-
bent can be used again. Activated carbon is the pre-
ferred carbon dioxide absorber in the off-gas stream 
produced by a methane steam reformer unit. For this 
reason, an active carbon layer is used at the end of the 
adsorption column. Commercial activated carbon has 
shown good adsorption and selectivity of carbon diox-
ide performance in the PSA system [27].

2.4. Model assumptions and equations

The kinetics of the reactions carried out in a PROX 
reactor based on the Power-low model are given in 
equations (6) and (7) along with kinetic coefficients 
and activation energy. The main assumptions in the 
modeling of the PROX reactor are as follows [13]:
•Ideal gas phase
•Reactor pressure is constant (there is no pressure 
drop in the system)
•Physical properties such as density, catalyst weight, 
and specific heat capacity are constant
•No back-mixing occurs in the resulting stream inside 
the reactors

The oxidation reaction of carbon-monoxide [28]:
-rco= k exp (-E/RgT) PCO

α PO2
β (6)

k = 1.4 * 108 m3/kgcat.s
E = 78 Kj/mol
α = -0.51
β = 0.76

Hydrogen oxidation reaction [[29]:

-rH2 = k exp (-E/RgT) PO2
α (7)

k = 6.19 * 10-5(mol / s. Kgcat)
E = 21.9 Kj/mol
α = 0.804

The development of the PSA model requires the exact 
investigation of the following assumptions to simplify 
the balance of mass, energy, and momentum [30]:
•Ideal gas phase
•There are no radial changes in temperature, pres-
sure, and speed
•Non-isothermal energy balance with conductive 
heat transfer between gas-solid
•The momentum equation is expressed by Ergun’s 
equation
•Adsorption of components on the adsorbent is based 
on the dual site Langmuir isotherm model and based 
on the partial pressure
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Where P is the total pressure, IPk is the isotherm pa-
rameter for species k, Ts is the wall temperature (which 
is equal to 303 K), and Wi is the loading components 
on the absorber.
The mass balance equations for each component and 
for the total mass of the mixture are given in equations 
(9) and (10), respectively[30]:
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Where ci is the gas concentration of component i, u 
is the gas velocity, ρp is the particle density, εbed is the 
bed porosity, qi is the absorbed concentration of com-
ponent i, C is the total concentration, z is the axial 
coordinate, and DL is the axial dispersion coefficient. 
DLis calculated from equation (11) [30]:

10.7
2L m pD D d u= +

Where dp is the particle diameter, and Dm is the molec-
ular permeability obtained from the Chapman–Ensk-
og equation.
The adsorption rate is given by the linear driving force 
(LDF) model given by Equation (12) [31]:
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∂
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Where ki is related to the mass transfer coefficient of 
components and qi

* is the loading of component i.
The energy balance equation is expressed as equation 
(13) with the assumption of thermal balance between 
gas and solid for the substrate [32]:
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Where KL is the effective axial thermal conductivity, 
CPg and CPs are the specific heat of gas and solid phase. 
TW, hi, and ri are the wall temperature, the heat transfer 
coefficient of the inner column wall, and the inner ra-
dius of the column, respectively. ΔHj is the absorbed 
and released heat of the components.
The equation of energy per unit length is given in 
equation (14) [32]:
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Where ρw, Cpw, and Aw are the density, specific heat, 

and wall cross-section, respectively. Tamb is the ambi-
ent temperature, and ho and ro are the heat transfer co-
efficient of the outer column wall and the outer radius 
of the column wall, respectively.
Ergun’s equation has been used to calculate the pres-
sure drop along the bed, which is expressed in equa-
tion (15) [30]:
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Where ρg is the gas bulk density, μ is the gas viscosity, 
and u is the gas velocity.

2.5 Simulation of Reforming and purification pro-
cesses

Aspen plus V11.0 software was used to simulate the 
methanol steam reforming process and cleaning sys-
tem. Adsorption bed and PSA simulation were done 
using Aspen Adsorption V11.0 software. To deter-
mine the compounds and their properties, the desired 
components were selected in Aspen properties V11.0 
software, and after selecting the components, the com-
ponents were stored in the list of Aspen adsorption 
software compounds.

2.5.1 Simulation 

In the first step of the simulation, the feed to the re-
forming system contained water and methanol, with a 
combined methanol mass flow rate of 1.58 kg/hr, wa-
ter mass flow rate of 1.25 kg/hr, a molar ratio of 1.4, at 
25 ℃, and pressure 1 bar entered the reforming tubu-
lar reactor. The reformer reactor had an operating tem-
perature of 220°C and geometric conditions including 
a reactor length of 40.3 cm, diameter of 6 mm, and 55 
tubes. The bed reactor was filled with 7.8 gr of Cu/
ZnO/Al2O3 catalyst,  the bulk density of the catalyst 
was 1234.5 kg/m3, and the porosity of the bed was 0.5 
[23]. The output stream from the methanol steam re-

(10)

(11)

(12)

(13)

(14)

(15)
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forming reactor after passing through the condenser 
with the purpose of cooling and condensing the out-
put stream included 0.3% water, 1.2% methanol, 23% 
carbon dioxide, about 71.5% hydrogen, and 0.9% car-
bon monoxide.
Next, the PROX system was used to remove carbon 
monoxide. As can be seen in Figure 1, first the out-
put flows from the condenser along with pure oxygen 
(0.0608 kg/hr), at a ratio of O2/CO = 1.1, entered the 
mixer at a temperature of 25 °C and a pressure of 1 
atmosphere. Then, the output stream from the mixer 
entered the heater for pre-heating to the reaction tem-
perature of 200.5°C. After heating, the feed entered 
the PROX reactor. The reactor had a length of 480 

mm, an inner diameter of 1.38 mm, consumed  40 gr 
of catalyst [29] for each reactor tube, and a bed poros-
ity of  0.46  as well as performed reactions kinetics as 
defined in the PROX reactor simulation section. Since 
the flow rate of the input feed and the amount of the 
catalyst were considered for one tube in the simulated 
PROX reactor, the DIVDER tool was used to consider 
all pipes (10 pipes). And the total flow was divided by 
the total number of pipes (10) to divide the flow. In the 
same way, in the continuation of the simulation, the 
output flow from the PROX reactor enters only one 
pipe, so it must be multiplied by the total number of 
pipes (10) using the MULT10 tool. The simulation of 
the PROX section is shown in Figure (2).

Fig. 1. Simulation of the process up to the pre-heating stage.

Fig. 2. Process simulation - PROX reactor section.

In the following, to obtain hydrogen with a high puri-
ty percentage for fuel cells, the PSA process studied 
by Abdeljaoued et al. was investigated [30]. In their 
work, a 4-bed pressure swing adsorption (PSA) pro-
cess, which is capable of purifying hydrogen from a 

quaternary mixture (H2/CO2/CO/CH4) obtained from 
the ethanol steam reforming process, was designed, 
simulated, and investigated. In our system, the feed 
contains 73% hydrogen, 23% carbon dioxide, 1% 
carbon monoxide, and 1% methane. Also, in order to 
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design and simulate a 4-bed process was investigat-
ed. The goal was to produce hydrogen with a purity 
of 99.99% for a fuel cell. In order to quickly solve 
the simulation, a “uni-bed” simulation was chosen for 
modeling. Since this work uses a uni-bed model to 
simulate the 4-bed process, only the steps of one uni-
bed can be modeled. For simplicity, the steps in sub-

strate 1 were chosen. The total cycle time for the 4-bed 
process is 1600 seconds; the total adsorption time for 
the 1-bed process is 100 seconds. The dimensions of 
the column, physical properties of the absorber, gen-
eral operating conditions in the simulation, parameters 
of the dual site Langmuir isotherm, Mass coefficients, 
and heat of adsorption are shown in Tables 1 and 2.

Table 1. Dimensions of columns, physical properties of absorbers, and general operating conditions in the simulation [30].

Parameters Values
Absorbent Activated carbon
Bed length, L (cm) 34
Bed diameter, d (cm) 6.4
Particle radius, (mm) 0.601
Feed temperature, (°C) 24.6
Environment temperature, (°C) 25
Feed pressure, (bar) 8.5
Desorption pressure, (bar) 1
Feed flow rate, (mol/s) 0.047742
Particle density, (g/cm3) 1.969
Buffer volume, (m3) 3
Gas phase heat conductivity, (W/m/K)                                     0.104982
Solid-gas heat transfer coefficient, (w/m2K) 38
Wall-gas heat transfer coefficient, (w/m2K) 12

Table 2. The parameters of the dual-site Langmuir isotherm, Mass coefficients, and heats of adsorption [30].

Parameters CO2 CO CH4 H2

IP1 (Kmol/kg bar) 3.18.(10-3) 6.57.(10-4) 6.57.(10-4) 2.81.(10-5)

IP2 (K) 0.6456 0.7568 0.7568 0.387

IP3, (1/bar) 0.9059 0.8245 0.8245 6.12.(10-3)

IP4, (K) 0.4044 0.4041 0.4041 0.4037
IP5, (Kmol/kg bar) 2.74.(10-4) 6.2.(10-4) 6.2.(10-4) 0

IP6, (K) 0.0951 0.0952 0.0952 0.0964
IP7, (1/bar) 0.0651 0.2107 0.2107 0.1320

IP8, (K) 0.9420 0.9421 0.9421 0.9421

K, (1/S) 0.3 0.7 0.5 0.3

ΔHads , (J/mol) -30100 -17968 -19678.86 -10494
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A schematic diagram of the cycle used in the PSA system is shown in Figure (3).

Fig. 3. Schematic diagram of the cycle used in the PSA system [30].

The steps of the cycle for the uni-bed of the PSA process are shown in Table 3.

Table 3. Cycle steps for a uni-bed PSA process.
Step 1 2 3 4 5 6 7 8 9 10 11 12
Bed 1 AD AD AD FDPE PP SDPE BD PG FPPE SPPE IDLE PR
Time (s) 1.5 97 1.5 1.5 97 1.5 1.5 94 2.5 9 83.5 11.5

The simulation performed in the software is shown in Fig (4).

  
   Fig. 4. Simulation performed in the software.
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Where B2 is the feed flow, B3 is the Product flow, B9 
is the Purge flow, and B8 is the Blow down flow.
The following section describes the cycle or coded 
program (TASK) that should be used to execute the 
PSA process according to the stated steps.

3. Results and discussion

The molar fraction changes of the components in the 
PROX reactor length are shown in Figure (5). Accord-
ing to the reactions carried out in the PROX reactor, the 
water fraction increased due to the production of wa-
ter in the hydrogen oxidation reaction, and the amount 
of hydrogen decreased by a very small amount. Also, 

due to the oxidation of carbon monoxide, which led to 
the production of carbon dioxide, the amount of CO2 

increased a little and the amount of output CO rapid-
ly decreased and reached zero at the beginning of the 
reactor. The results after completing the simulation of 
the PROX reactor are shown in Table 4 [13]:

Table 4. The results obtained at the output of the PROX re-
actor.
Components Single –F2 OUT2

H2O 0.0300 0.04117
CH3OH 0.0122 0.01229
CO2 0.2304 0.2415
H2 0.7096 0.7050
CO 0.0089 0
O2 0.0088 0

Fig. 5. Changes in the mole fraction of components in the PROX reactor length.

According to the previous section, a PSA system or 
membrane reactor should be used to obtain hydrogen 
with a high purity percentage. Considering that more 
than 85% of hydrogen production units in the world 
use PSA technology to purify their produced hydrogen 
and due to its advantages over membrane processes, 
the PSA process was used in this work. Using this 
process, water and methanol can be easily condensed 
and removed from the mixture, which simplified the 
purification of hydrogen and the removal of other 
components [9, 12]. One of the key factors in the PSA 

process is the isotherms related to the adsorption of 
components on the adsorbent (activated carbon). To 
obtain the isotherms using the graphs given in the ar-
ticle[30] , a temperature of 30 °C was chosen, which 
was close to the feed temperature. First the isotherm 
unit was converted from mol/kg to kmol/kg, so using 
MATLAB software, w is drawn in terms of P. Next, 
the isotherm coefficients are obtained using the Curve 
Fitting tool and the equation given for W. Finally, 
using the obtained isotherm coefficients, W was ob-
tained. The results are shown in Figure (6).
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Fig. 6. Diagrams related to isotherms of components: (A): Hydrogen, (B): Methane, (C): Carbon dioxide, (D): Carbon monoxide.

The results obtained from the simulation for pressure changes during one cycle are shown in Figure (7).

         

Fig. 7. Pressure changes during one cycle.
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The results obtained from the simulation are given in 
Table 5.

Table 5. Mole fraction of the output components from the PSA 
column.

Components Simulation results

CH4 (ppm) 0.8829
CO (ppm) 83.9052
CO2 (ppm) 0.1641
H2 (%) 99.9915

In the following, the results of this study’s simulation 
were compared with Abdeljaoued’s results [30] for 
validation. First, the isotherm diagrams obtained from 
the simulation used in the Aspen Adsorption software 
were compared with the diagrams in the article, and 
the results are shown in Figure (8). According to the 
figure, there is a good agreement between Abdel-
jaoued’s article and our results,  showing that the ob-
tained isotherm parameters are valid [30].

 
 

Fig. 7. Validation of isotherm diagrams related to components: A): Hydrogen, (B): Methane, (C): Carbon dioxide, (D): Carbon 
monoxide. 

Also, the further comparison of pressure changes 
during one cycle is shown in Figure (8), according to 

the figure there is good agreement between the simu-
lation data and Abdeljaoued’s article data [30]:

Fig. 8. Validation related to pressure changes over one cycle.
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Table 6 shows the simulation results, Abdeljaoued’s 
results (for one cycle), and the calculated error per-
centage of each component [30].

Table 6. Comparison of simulation results with the results of 
the article.
Components Simulation results Abdel-

jaoued et al.
% Error

CH4 (ppm) 0.08829 0.9 1.9
CO (ppm) 83.9052 84.39 0.57
 CO2 (ppm) 0.1641 0.17 3.45
 H2 (%) 99.9915 99.9913 0.0002

According to the acceptable error percentage between 
the simulation data and the values obtained from the 
reference, the performed simulation is valid for use in 
the methanol steam reforming process as a purifying 
system.

Conclusion

In the present work, two subsystems were used in the 
continuation of the methanol steam reforming pro-
cess. In the first part, the PROX reactor was used as 
the cleaning method to reduce the concentration of 
carbon monoxide output from the reformer reactor. 
A bed reactor filled with Pt/Al2O3 catalyst, which led 
to an increase in the reaction rate, was used to sim-
ulate the PROX reactor. The output results from the 
PROX reactor showed that in the reactor, the molar 
fraction of carbon monoxide was completely removed 
from the system, and the molar fraction of hydrogen 
decreased slightly due to hydrogen oxidation. In the 
second part, a uni-bed PSA column containing acti-
vated carbon adsorbent was designed and simulated 
as a PSA column for a purifying system to increase 
the purity of hydrogen up to 99.99%. The process con-
sisted of 12 steps and 4 cycles, the adsorption time 
was equal to 100 seconds, and the total time of each 
cycle was about 400 seconds. Hydrogen with a pu-
rity of 99.9915% was obtained in the out stream of 
the PSA column after one cycle. In order to validate 
the results obtained from the simulation, the present 
work was compared with   Abdeljaoued et al. [30]. 

The slight difference between our obtained results and 
the results from this article confirmed the accuracy of 
the simulation.

Nomenclature
P             The  total  pressure (bar)        

IPk         The isotherm parameter for species k

Ts          The wall temperature (K)

Tamb         The ambient temperature        

Wi         The loading components on the absorber (Kmolkg-1)

ci                 The gas concentration of component i (mol cm-3)

C           The total concentration (mol cm-3)

CPg            The specific heat of gas phase (J kg-1 K-1)

CPs        The specific heat of gas phase (J kg-1 K-1)

Cpw        The specific heat of wall (J kg-1 K-1)

 qi          The absorbed concentration of component i (molkg-1)

 q*
i       The loading of component i (mol kg-1)

DL        The axial dispersion coefficient (m2 s-1)

Dm       The molecular permeability (m2 s-1)

dp         The particle diameter (mm)

KL        The effective axial thermal conductivity (J m-1 K-1s-1)

ki             The mass transfer coefficient of components (s-1)

hi         The heat transfer coefficient of the inner column 
wall (W m-2) 

ho         The heat transfer coefficient with the outer column 
wall (W m-2)

Hamb      The Solid-gas heat transfer coefficient, (w/m2K)

HTC      The Wall-gas heat transfer coefficient, (w/m2K)      

ri            The inner radius of the column (cm)

ro          The outer radius of the column wall (cm)

Aw        The wall cross-section area (cm-2)

z           The axial coordinate

L           Bed length (cm)

Greek symbols

u           The gas velocity (cm s-1)

ρw           The density of the wall (mol cm-3)

ρp          The particle density (mol cm-3)

    The bed porosity  

ΔHj       The absorbed and released heat of the components 
j (j mol-1)
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