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adjusting the operating parameters, they enhanced 
hydrogen recovery to 97 %, and decreased CO at 
exit to 10 ppm.7,8

Here, in order to both increase hydrogen recov-
ery and decrease CO concentration, a novel mem-
brane reactor scheme with two membranes is 
proposed. The dual-membrane reactor (DMR) is 
composed of palladium alloy and polyvinyl alcohol 
membranes which are permeable to H2 and CO2 re-
spectively. The developed mathematical model for 
the reactor is unidimensional, steady, and non-iso-
thermal. The performance of the plug dual-mem-
brane reactor (PDMR) is compared with CSTR du-
al-membrane reactor (CDMR) under different 
operating conditions and feed types.

Reactor model

Palladium alloy membrane (H2-selectivity 
membrane) and polyvinyl alcohol (CO2-selectivity 
membrane) are used in DMR, concurrently. Since 
the melting point of polymeric membrane is 
230 °C, CuO/ZnO/Al2O3 catalyst is necessary for 
reaching the reaction. In the DMR, the feed enters 
the annulus part which has a catalyst bed (Fig. 1); 
in the same direction sweeping gases enter the 
shell and tube parts. A mathematical model of the 
PDMR was developed with the following assump-
tions:

1. Non-isothermal, unidimensional, and steady-
state operation

2. No radial distributions of temperature and 
concentration in tube or in shell side

3. Negligible axial dispersions of mass and en-
ergy

4. Isobaric conditions

5. Infinite hydrogen selectivity of the H2 selec-
tive membrane

6. Co-current flows
7. Ideal gas behavior

	  i
i

p
F Volumetric flow rate

RT
= 	 (2)

For CDMR, only the assumption numbers 4, 5 
and 7 were taken into consideration.

Mass balance

Mass balance for PDMR with abovementioned 
assumptions result in the following equations and 
boundary conditions:
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Where Z is reactor length, An
iF  is flow rate of 

each component, pd mA  is H2 selective membrane 
surface area, and An C SA   is cross section area of an-
nulus side.

Also, mass balance equations in tube and shell 
part can be written as: 

	
Sh

p pd mi
i

dF
J A

dz
= 	 (5)

	
0

. . Sh S
i iz

B C F F
=
= 	 (6)

	
Tu

p VAmi
i i

dF
p A

dz
=  D 	 (7)

F i g .  1  – Representation of the proposed DMR scheme
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In equations (3) and (5) p
iJ  is flux of hydrogen 

and is described by the Sieverts’ law:6
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The last term of equations 3 and 7 shows poly-
vinyl alcohol membrane permeation. The properties 
of the CO2 selective membrane for the simulations 
are listed in Table 1. It should be noted that while 
the dual-membrane reactor was considered previ-
ously for methanol production,14,15 practical use of 
such reactors for hydrogen production involves 
construction issues, which must be considered in 
detail. Reaction rate rco is presented through kinet-
ics equations introduced by Ayastuy et al.:16
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The mass balances equations, as well as their 
initial conditions (I.C.) for each species in CDMR 
are given by equations (11) to (16), respectively:
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Energy balance

All the energy balance equations will contain 
the terms of equations 17 to 19. In the following 
sections, the energy balances will be written for the 
PDMR and CDMR treated in the previous section.
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Where TD  is the temperature variation due to en-
thalpy flux associated with hydrogen permeation, 

TD  is the temperature variation due to enthalpy 
flux associated with CO2 permeation, and   is the 
heat produced by chemical reaction.

Equations (20) to (25) give the energy balance 
for annulus, shell, and tube sides in PDMR, respec-
tively, when the reaction takes place in the annulus:
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Ta b l e  1  – Reference membrane

Material/name Pebax/PG

Permeability- 2CO (9.4110–8)10–10 kmol s–1 bar–1 m–1

Selectivity 2 2/CO H 15.5

Selectivity 47

Selectivity 47
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Where AnT  is annulus side temperature, ShT  is shell 
side temperature, TuT is tube side temperature, 

ipc
special heat of each component, A TU   is the overall 
heat transfer coefficient between the annulus side and 
the tube side, and A SU   is the overall heat transfer 
coefficient between annulus side and shell side.

Energy balance for CDMR is as follows: 
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The performance of the DMR is evaluated by 
the following three parameters:
– Hydrogen Recovery
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– Overall CO Conversion
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– Damkohler Number (Da)

	 / f
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Damkholer number is calculated at reactor en-
trance. This dimensionless number is the ratio of 
the mass consumption (or production) due to reac-
tion to the axial transport via convection.2

Reactor geometric characteristics, as well as 
the investigated operating parameters, are presented 
in Table 2. Feed gas compositions used in the simu-
lations are shown in Table 3. For investigation of 
the thermal effect in DMR, composition of feed gas 
is similar to that in ATR process.

Results and discussion

Since a novel configuration for the membrane 
reactor is proposed here, there are no operating data 
for validation. However, we validate the single 
membrane as the base case and then simulate the 
novel proposed reactors. Fig. 2 shows the compari-
son of data obtained from this model and data from 
Piemonte’s work.13

At first, a comparison was made between the 
performance of DMR and PAMR. To compare the 
performance of PAMR and TR, the volume index 
(VI) 11 is used. The VI is an indicator of the modu-
larity of PAMR and it compares the PAMR reaction 
volume necessary to achieve a set conversion with 
that of a TR. Analogously, VI is defined as an indi-

Ta b l e  2  – Specifications of simulated DMR and its operating 
parameters

Value Parameter

40 cm ShD
30 cm AnD
15 cm TuD
100 cm L

5 bar inp

1bar ,in sweepp

150 °C inT

130 °C ,inT sweep

Ta b l e  3  – Composition feed gases supplied from different 
processes

CG ATR SR

CO 0.3790 0.1785 0.0500

CO2 0.0105 0.0099 0.1152

H2 0.1883 0.3593 0.6106

H2O 0.3846 0.4167 0.2222

N2 0.0304 0.0356 0.0020

S/C 1.0140 2.3500 4.4400
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cator of the modularity of PDMR and it compares 
the PDMR reaction volume necessary to achieve a 
set conversion with that of a PAMR reaction volume:

	 Re

Re

DMR
action side

PMR
action side set co conversion

V
VI

V
= 	 (35)

Fig. 3 shows VI versus feed pressures where 
the temperature is 150 °C and conversion of CO set 
to 0.9. VI is a decreasing function of the feed pres-
sure for the WGS reaction. This may be attributed 
to the permeation of hydrogen and carbon dioxide 
in PDMR, which in turn cause the equilibrium to 
shift to the right, and a higher conversion than 
PAMR. Thus, for a given conversion set, PDMR 
would have a smaller size. With an increase in feed 
pressure to 20 bar, PDMR volume becomes 30 % 
less than PAMR.

So far, only Bruneti et al. have studied the ef-
fect of hydrogen concentration in feed on the hy-
drogen recovery and CO conversion. However, feed 
of WGS reactor is supplied by units like ATR, CG, 

POX and SR with considerably different hydrogen 
concentration. Therefore, it seems necessary to 
study the effect of hydrogen concentration of the 
feed on the performance of WGS reactor. To study 
the effect of hydrogen content, two types of feed 
with the same S/C and different hydrogen concen-
trations are compared. Table 4 shows the complete 
specifications of the feeds.

Figs. 4 a and b, respectively, show CO conver-
sion and Hydrogen recovery in different Damkholer 
numbers and different S/Cs for a feed with low hy-
drogen concentration (FLHC) in a PDMR. Similar-
ly, Figs. 5 a and b, respectively, show CO conver-
sion and Hydrogen recovery in different Damkholer 
numbers and different S/Cs to feed with high hydro-
gen concentration (FHHC) in a PDMR.

As can been seen in Figs. 4 and 5, with increas-
ing S/C in a constant Damkholer, hydrogen recov-
ery increases while CO conversion decreases. With 
increasing S/C in feed, most of the CO is consumed, 
and production of hydrogen and consequently its re-
covery reduces.

When FLHC enters the reactor (Fig. 4), opti-
mal Da is between 0.8 to 1. In Fig. 4 b, a sudden 
increase in hydrogen recovery is observed for Da = 
0.8. However, this increase is less for CO conver-
sion. The situation is vice versa for FHHC. In this 

F i g .   2  – Validation of partial pressure of H2 obtained from 
the presented model13

F i g .  3  – Volume index as a function of feed pressure for the 
ATR feed. T = 150 °C and CO conversion set = 90 %

Ta b l e  4  – Feed composition

Feeds with low hydrogen concentration (FLHC) Feeds with high hydrogen concentration (FHHC)

CO 0.475 0.309 0.225 0.175 0.25 0.197 0.125 0.1

CO2 0 0 0 0 0.1 0.1 0.1 0.1

H2 0.05 0.05 0.05 0.05 0.4 0.4 0.4 0.4

H2O 0.475 0.641 0.725 0.775 0.25 0.333 0.375 0.4

S/C 1 2 3 4 1 2 3 4
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feed, high content of H2 reduces the residence time 
of the reactants. Thus, in order to reach the desir-
able increase in residence time, an optimal Da can 
be identified to be higher than 1.

In low Da, hydrogen recovery for FHHC is 
considerably higher than FLHC. However, for high 
Da this difference is lower. In low Da, there is not 
enough time for hydrogen production and therefore 
(as it happens for FLHC) there will not be sufficient 
gradient for transfer of hydrogen from reaction 
zone. The existence of less hydrogen in reaction 
side caused a decrease in hydrogen partial pressure 
gradient, hydrogen permeation, and its recovery. 

However, in FHHC the gradient will be high from 
the beginning of the reactor. With increasing Da, 
the reaction can be completed since the reactants 
have sufficient time to complete the reaction, and 
both the production and recovery of hydrogen will 
increase. For Da>>1 the difference between recov-
ery of FHHC and FLHC significantly decreases.

Comparing Figs. 4 a and 5 a, one can see that 
CO conversion for FLHC is less than FHHC. For 
FHHC, residence time is low and CO conversion 
decreases.

Generally, in Figs. 5 to 8, for Da between 1 to 
10, there will be no obvious increase for both hy-

F i g .  4  – (a) Hydrogen recovery and (b) CO conversion versus Damkholer number and S/C, for FLHC; PDMR

Fig. 5 – (a) Hydrogen recovery and (b) CO conversion versus Damkholer number and S/C, for FHHC; PDMR
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drogen recovery and CO conversion, therefore, 
higher Da is not suggested.

In Figs. 6–9, CDMR and PDMR were com-
pared. Residence time for all reactors equaled one 
second. The travelled distance, rather than time was 
used in CDMR.

Figs. 6–7 show inverse reaction rate vs. CO 
conversion for PDMR and CDMR. In these figures, 
the highlighted area equals space time.17 For both 
reactors, the final CO conversion is 0.9. The high-
lighted area for PDMR is less than CDMR.

In constant CO conversion, CDMR volume is 
higher than PDMR volume or in equal volumes, 
PDMR performance is higher. More uniform con-
centrations prevail inside the CDMR as well as in 
its effluent stream, and subsequently it applies 
smaller gradient for transfer of products.

Figs. 8 a and b, show hydrogen recovery versus 
times for different pressure feeds in PDMR and 
CDMR.

At pressure less than 10 bar, hydrogen recovery 
for PDMR has a steep slope; in other words, hydro-
gen recovery could be enhanced by 0.1 when the 
pressure is increased from 5 to 10. However, at high 
pressures, hydrogen recovery is increased by 0.01 
for the same increases in pressure (15 to 20 bar).

Since the difference between stoichiometric co-
efficient equals zero (∆vi = 0) for WGS reaction, 
the pressure difference merely affects the hydrogen 
permeation. However, P = 10 bar is enough to re-
cover 97 % of hydrogen, and further increase in the 
pressure has no considerable effect on the enhance-
ment of hydrogen recovery.

F i g .  6  – Inverted reaction rate versus CO partial pressure for 
PDMR

F i g .  7  – Inverted reaction rate versus CO partial pressure for 
CDMR

Fig. 8 – Hydrogen recovery versus length and pressure. ATR feed type; T = 150 °C; (a) PDMR and (b) CDMR
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In PDMR, hydrogen recovery of 0.97 is 
achieved at lower pressures. According to Figs. 6 
and 7, reaction progress in PDMR is more than 
CDMR, so more hydrogen is produced. The exis-
tence of more hydrogen in reaction side caused an 
increase in hydrogen partial pressure gradient, hy-
drogen permeation, and recovery.

In Fig. 8 a and b, hydrogen recovery increased 
with a steep slope at the beginning of reactors, and 
then with a slight slope at the end. As the reactants 
move forward in the reactor, they are consumed and 
their reaction rates decrease. At the same time, the 
co-current stream of scrubbing gases is enriched 
with the products. These two factors decrease hy-
drogen recovery and CO conversion.

Fig. 9 shows temperature distribution in three 
different regions of DMRs. For a better comparison, 
the temperature distribution of each region is shown 
separately and in each figure, two types of DMRs 
are compared with each other.

Melting temperature of CO2 selective polymer-
ic membrane is close to 230 °C. However, the WGS 
reaction is exothermic and the temperature of the 
reaction side must be kept at 210 °C at most.7

Two factors can be employed to control the 
temperature of the system. The first is the tempera-
ture of the sweeping gas and feed. Here, the tem-
peratures of feed and sweeping gas are kept at 
150  °C and 130 °C, respectively. The other factor 
used to control the temperature of the reaction zone 
is S/C. Since water has high specific heat, an in-
crease in steam pressure prevents the temperature 
from increasing abruptly. Here, high pressure and 

proper catalyst for low temperatures were applied to 
compensate the low temperature effect.14

Temperature behavior in all three areas is the 
same, having the same order of magnitude of heat 
transfer coefficient. However, the shell side with an 
inorganic membrane exchanges more heat with the 
reaction zone. Therefore, its temperature becomes 
higher than that of the tube. Figs. 6 and 7 show that 
the reaction progresses better in PDMR, so heat 
production in this type of DMR is higher than in 
CDMR.

According to Fig. 8, it can be seen that in the 
same pressures, PDMR hydrogen recovery is higher 
than with CDMR. This causes a temperature rise in 
the tube and shell sides for PDMR when compared 
to the other reactor.

Conclusion

In this study, a novel DMR including both 
polyvinyl alcohol membrane (selective to CO2) and 
palladium alloy membrane (Selective to H2) was 
mathematically modeled and simulated for PDMR 
and CDMR. A comparison was made between 
PDMR and PAMR, which showed PDMR volume 
becomes 30 % less than PAMR at high pressure, 
while CO conversion for PDMR in S/C = 4 is about 
10 % more than CDMR. It should be noted that in 
this DMR, temperature increase is higher than in 
the other one. When FLHC enters the reactor, opti-
mal Da is between 0.8 to  1. The situation is vice 
versa for FHHC, in this feed an optimal Da can be 
identified to be higher than 1. Generally, when reac-
tor was fed with low hydrogen and high steam, 
WGS reactor performance was higher. The pro-
posed membrane reactor configuration for WGS 
could both enhance hydrogen recovery and reduce 
CO2 emissions.

Appendix A. Kinetic model data

Values of the parameters present in the COr  ex-
pression:

	 exp(4577.8 / 4.33)eqK T=  	 (A-1)

	 72.391 10 exp( 6049.2 / )k T=   	 (A-2)

	 0.0942exp(1782.1 / )COK T= 	 (A-3)

	
2

0.0333exp(2088.8 / )H OK T= 	 (A-4)

	
2

0.0315exp(2057.7 / )HK T= 	 (A-5)

	
2

0.00314exp(3003.5 / )COK T= 	 (A-6)

F i g .  9  – Temperature distribution for PDMR and CDMR
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N o m e n c l a t u r e

An C SA  –	Annulus cross section area, m2

Pd mA –	Pd membrane area, m2

VAmA –	VA membrane area, m2

iC 	 –	 i-th component Concentration, mol m–3

ipc 	 –	Heat capacity of component i, kJ mol–1 K–1

Da 	 –	Damkholer number, –
An

iF 	–	 i-th component molar flow rate in annulus side, 
mol s–1

Sh
iF 	 –	 i-th component molar flow rate in shell side, 

mol s–1

Tu
iF 	 –	 i-th component molar flow rate in tube side, 

mol s–1

f
iF 	 –	 i-th component molar flow rate in feed, mol s–1

S
iF 	 –	 i-th component molar flow rate in sweep gas, 

mol s–1

2Hh 	 –	Hydrogen enthalpy, kJ mol–1

P
iJ 	 –	Hydrogen flux permeating through the mem-

brane, mol m–2 s–1

k 	 –	Kinetic constant of the WGS reaction equations 
(10), mol kg–1 s–1

eK 	 –	Equilibrium constant for the WGS reaction equa-
tions (10), –

iK 	 –	 i-th component adsorption constant, bar–1

cm 	 –	Catalyst mass, g
An
ip 	 –	 i-th component partial pressure in the annulus 

side, bar
Sh
ip 	 –	 i-th component partial pressure in the shell side, 

bar
Tu
ip 	 –	 i-th component partial pressure in the tube side, 

bar
,An I

ip –	i-th component partial pressure in the initial time 
for the annulus side, bar

,Sh I
ip –	i-th component partial pressure in the initial time 

for the shell side, bar
,Tu I

ip –	i-th component partial pressure in the initial time 
for the tube side, bar

p
i 	 –	Permeability of species i, kmol s–1 bar–1 m–2

R 	 –	Universal gas constant, kJ mol–1 K–1

2HR 	 –	Hydrogen recovery, –
COr 	 –	Kinetic rate of WGS reaction, mol kg–1 s–1

t 	 –	Time, s
AnT 	 –	Annulus temperature, °C
ShT 	 –	Shell temperature, °C
TuT 	 –	Tube temperature, °C
fT 	 –	Feed temperature, °C
ShT 	 –	Sweep gas temperature, °C

,An IT –	Annulus temperature at the initial time, °C
,Sh IT –	Shell temperature at the initial time, °C
,Tu IT –	Tube temperature at the initial time, °C
,An ET –	Exit annulus temperature, °C
,Sh ET –	Exit shell temperature, °C
,Tu ET –	Exit tube temperature, °C

,An InT 	 –	 Inlet annulus temperature, °C
,Sh InT –	Inlet shell temperature, °C
,Tu InT –	Inlet tube temperature, °C

A SU  –	Overall heat transfer coefficient between annulus 
side and shell side, kJ m–2 s–1 °C–1

A TU  –	Overall heat transfer coefficient between annulus 
side and shell side, kJ m–2 s–1 °C–1

AnV 	 –	Annulus volume, m3

ShV 	 –	Shell volume, m3

TuV 	 –	Tube volume, m3

COX 	–	conversion, –
z 	 –	Axial coordinate, m

G r e e k  l e t t e r s

rHD –	Reaction enthalpy, kJ mol–1

i 	 –	Stoichiometric coefficient with respect to the ref-
erence component of ith species, –

S u p e r s c r i p t s  a n d  s u b s c r i p t s

An	 –	Annulus	
E	 –	Equilibrium	
E	 –	Exit	
F	 –	Feed	
I	 –	 Initial	
i	 –	 i-th component	
In	 –	 Inlet	
P	 –	Permeate	
Pd m	–	Pd alloy membrane	
R	 –	Retentate	
S	 –	Sweep	
Sh	 –	Shell	
Tu	 –	Tube	
VA m–	 Vinyl alcohol membrane	
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