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� Dual PSA has been designed to recover syngas from a dry methane reforming product.

� Syngas recovered with purity and recovery >99%.

� Conversion at 700 �C raised to 100%.

� SEI ¼ 4.7 kJ/L thermal is lower than that of plasma reactors.

� Syngas from tail gas of H2 PSA can also be recovered.
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In recent years, there has been growing interest in the dry reforming of methane (using CO2

instead of H2O) to obtain syngas, due to its economic and environmental advantages. In

this reaction, to achieve conversions close to 100%, it is necessary to work at temperatures

higher than 1000 �C. However, to attenuate the catalyst deactivation by sintering is

convenient to work at lower temperatures, so that normally the syngas (mixture CO þ H2)

is obtained mixed with unreacted CO2 and CH4. In this work a process has been simulated

to recover the syngas from the product of a dry reforming reaction of methane at 700 �C by

means of a Dual PSA (Dual Pressure Swing Adsorption) process with heavy reflux using BPL

activated carbon as an adsorbent, operating at 25 �C. The process can recover syngas with

purity and recovery higher than 99%. Unreacted CO2 and CH4 can be recycled to the reactor,

leading to effective CO2 and CH4 conversions close to 100%. The process specific energy

input (SEI) is 4.7 thermal kJ per L (STP) of syngas. The process can also be used to recover

the syngas contained in the tail gas of a H2 purification PSA from SMR-off gas.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Interest in dry methane reforming has increased in recent

years due to growing concern about global warming and the
lgado Dobladez).

ons LLC. Published by Els
search for alternative energy sources [1e5]. In the dry

reforming of methane, two greenhouse gases, CO2 and CH4,

are converted into syngas (H2 and CO, Eq. (1)) which can be

used to obtain different chemical products [6e10].
evier Ltd. All rights reserved.
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CO2 þCH4 # 2 H2 þ 2 CO DH
�
298K ¼ 247 kJ

�
mol (1)

This reaction is endothermic, with a net increase in the

number of moles, so it is favored by high temperatures and

low pressures [11]. For an operating pressure of 1 bar and a

CO2/CH4 ¼ 1 ratio in the feed, the conversion of methane in

equilibrium of this reaction increases with temperature,

varying between 90e99% for a temperature range of

800e1000 �C [11].

This reaction is usually carried out in catalytic reactors,

using different catalysts such as molybdenum phosphide [12],

platinum [13], and nickel [14e19]. Nickel catalysts are most

used due to their high reactivity, availability and low cost [20].

These catalysts have the disadvantage that they are deacti-

vated by coke deposition and/or metal sintering. Coke depo-

sition can be reduced by using Ni catalysts with alkaline earth

metal oxides and phosphate-zirconia as promoters [20,21].

Metal sintering of Ni catalysts can be reduced by lowering the

reaction temperature [22].

Dry methane reforming produces a synthesis gas with a

low H2/CO ratio (theoretically 1:1), which is suitable for the

synthesis of oxygenated chemicals [23] and hydrocarbons by

means of Fischer-Tropsch synthesis [24]. An interesting

application of dry methane reforming is the valorization of

biogas through its conversion into syngas. Biogas is a mixture

of CO2 and CH4 produced by the fermentation of biomass and

residues from the agricultural and food industries, which is

considered a promising renewable energy source [25]. The

transformation of natural gas into syngas has also received

much attention as natural gas reserves are larger than oil re-

serves [26]. The syngas obtained from the dry reforming of

methane has also been considered as a form of storage of solar

or nuclear energy [27e29].

The production of syngas from dry methane reforming is

influenced by the simultaneous occurrence of reverse water

gas shift reaction (RWGS) [30], which leads to a H2/CO ratio

lower than 1:

CO2 þH2#COþH2O DH
�
298K ¼ 41 kJ

�
mol (2)

Although dry methane reforming is very interesting from

an economic and environmental point of view, there are still

no commercial processes that employ this reaction [31]. Many

experimental studies on the dry methane reforming reaction

reported in the literature propose to use temperatures near

700 �C at atmospheric pressure [31,32]. This implies that

neither CO2 nor CH4 is completely converted (as temperatures

above 1000 �C are required, as mentioned above), so the re-

action product is amixture of syngaswith CO2 and CH4, which

must be purified to obtain syngas on the one hand, and CO2

and CH4 on the other, so that unreacted CO2 and CH4 can be

recirculated to the reactor. There are few studies in the liter-

ature on the recovery of syngas (recovery of CO and H2

simultaneously) from the dry methane reforming product.

Moon et al. [33] have proposed the recovery of syngas (as a

mixture of H2 and CO) from the effluent gas of a melting

incinerator (H2/CO/CO2 mixture) by a PSA process using acti-

vated carbon as adsorbent. Most studies on syngas purifica-

tion in the literature have addressed either the purification of

the mixture to obtain H2, or the removal of CO2 from the
reaction medium [34]. Many studies on syngas purification

propose using PSA (pressure swing adsorption) processes,

membranes or a combination of both. Chou et al. [35] pro-

posed the simultaneous recovery of concentrated CO2 and

purified H2 from syngas obtained by reforming methane with

steam by PSA. The separation of H2 from syngas obtained

from SMR off-gas by a multi-bed pressure swing adsorption

process has been studied by Yang et al. [36]. Li et al. [37] have

proposed a pressure swing adsorption/membrane hybrid

process. For hydrogen purificationwith a high recovery. Reddy

and Vyas [38] have patented a process for recovering purified

H2 and purified CO2 from the tail gas of a PSA process for

obtaining H2 from SMR off-gas.

In this work, a process has been designed to recover the

syngas of the reaction product of the dry reforming of

methane, which consists of a mixture of CO2, CH4, CO and H2.

As practically all known adsorbents have a higher selectivity

for CO2 and lower selectivity for H2 than for the rest of the

gases involved, the key factor for selecting an adsorbent for

this application is the CH4/CO selectivity.

BPL activated carbon has been chosen as adsorbent for

several reasons: (i) it is a commercial adsorbent that can be

used on an industrial scale, (ii) it has a CH4/CO selectivity

higher than other adsorbents studied in the literature (2.87 at

25 �C [39]), such as silicalite (2.71 at 25 �C [40]), and UTSA-16

MOF (2.05 at 25 �C [41]), and (iii) its equilibrium and adsorp-

tion kinetics parameters needed to design a PSA process for

CO2eCH4eCOeH2mixtures are known [39,42]. The application

of the proposed process to the recovery of syngas from the tail

gas of a PSA process for obtaining H2 from steam methane

reforming (SMR) off-gas, which is also a mixture of CO2, CH4,

CO and H2, has also been studied [43e45].
Results and discussion

Design of a PSA process for the recovery of syngas from the
product of dry reforming of methane

A PSA process using BPL activated carbon as an adsorbent has

been designed to recover the syngas produced in a dry

methane reforming reactor and recycle the unreacted CO2 and

CH4 to the reactor to increase the effective conversion of the

process. It has been assumed that the gas fed to the PSA from

the reactor has the following composition: 42.41% H2, 45.12%

CO, 5.56% CO2, 6.91% CH4. This composition has been calcu-

lated taking into account the experimental data reported by

Alipour et al. [20] on the dry reforming reaction of an equi-

molar CO2/CH4 mixture with a Ni catalyst with MgO as pro-

moter on alumina (5% Ni 3% Mg/Al2O3) at 700 �C, in which a

CH4 conversion of 76% is obtained, with an H2/CO ratio of 0.94

in the product. The formation of coke has been neglected,

considering the little deactivation shown by the Ni catalysts

promoted with Mg in periods of up to 20 h [20]. For the

calculation of the gas composition, it has been considered that

the dry reforming reaction occurs in the reactor (Eq. (1)) along

with the RWGS reaction (Eq. (2)) [20], and that the water

formed by the RWGS reaction is removed before feeding the

gas to the PSA process.
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Given that the objective of the separation is to obtain a

syngas stream (formed by CO and H2) on the one hand and a

CO2 and CH4 current on the other, and that the CH4/CO

selectivity of the adsorbent is not very high (2.9), a Dual PSA

process has been chosen, as this type of process has a higher

separation efficiency than a single PSA process [46]. A Dual

PSA process includes two coupled PSA cycles (PSA I and PSA

II), where one cycle (PSA I) produces the raffinate enriched in

light product, and produces an extract (enriched in the heavy

product) that is fed to a second PSA cycle (PSA II). The light

product of PSA II is mixed with fresh feed and the mixture is

fed to PSA I. The PSA I and PSA II cycles may have different

steps. Fig. 1 shows a scheme of a Dual PSA process.

To carry out the separation in each individual PSA process,

the cycle proposed by Jiang et al. [47] has been chosen because

both light and heavy products with high purity can be ob-

tained. The cycle has been modified by removing an idle step,

to increase the cycle productivity. For this purpose, it is

necessary to increase the number of beds operating simulta-

neously in the cycle from three to four. A heavy reflux step has

also been included to increase the purity of CO2 and CH4 in the

heavy product. The same duration is used for almost all the

steps because it is usually done so in industrial PSA cycles [48].

The scheme of the PSA cycle is shown in Fig. 2. The step

duration times of Dual PSA process are not specified because

the Dual PSA cycle includes two PSA cycles working at cyclic

steady state, connected by two streams of constant compo-

sition, which can be obtained using buffer tanks.

Fig. 1 shows the relationships used to calculate the molar

flows of all process streams. The purity of syngas has been

calculated as the sum of the molar fractions of H2 and CO in

the light product of PSA I. The purity of the heavy product has

been calculated as the sum of the molar fractions of CO2 and

CH4 in the heavy product of PSA II. The recovery of syngas in

the light product has been calculated as:

RIþII;H2þCO ¼ yF;H2ð1� RI;H2Þ þ yF;COð1� RI;COÞ
yF;H2ð1� RI;H2ð1� RII;H2ÞÞ þ yF;COð1� RI;COð1� RII;COÞÞ

(3)
PSA II

F·y

F

F·yF,i·RI,i·RII,i

F·yF,i·RI,i·(1-RII,i)

LII

HII

Fig. 1 e Scheme of a dual PSA process. L is the light product and H

in one cycle divided into cycle time of PSA I, yF,i is the mole fra

recovery of ith component in the heavy product of PSA I, and R

PSA II.
The productivity of syngas (in moles of syngas in the light

product of PSA I per kg of adsorbent in both cycles and per

second) is calculated as:

PIþII;H2þCO ¼yF;H2ð1� RI;H2Þ þ yF;COð1� RI;COÞ
yF;H2ð1�RI;H2Þ

PI;H2
þ yF;CO2 RI;CO2 RII;CO2

PII;CO2

(4)

where Pj,i is the productivity of the compound i in PSA j (moles

of i in product of cycle j per kg of adsorbent and per s, light

product in PSA I and heavy product in PSA II). The energy

consumption of the Dual PSA process is (kJ per mole of fresh

feed to the process):

EIþII ¼EI

Pi¼n
i¼1yF;iRI;iPi¼n

i¼1yF;i

�
1� RI;i

�
1� RII;i

��þ EII

Pi¼n
i¼1yF;iRI;iRII;iPi¼n

i¼1yF;i

�
1� RI;i

�
1� RII;i

��
(5)

where Ej is the energy consumed by PSA j in kJ per mol of

heavy product in PSA j. The energy consumption was calcu-

lated assuming isoentropic compression with an efficiency of

60% (Table 1). The fraction between fresh feed and feed of PSA

I is calculated as:

Ffresh

,
F¼

Xi¼n

i¼1

yF;i

�
1�RI;i

�
1�RII;i

��
(6)

The PSA processes were simulated with the PSASIM®

program. It was assumed that the beds were adiabatic. The

equations used to simulate each PSA process are shown in

Table 1.

To simulate a PSA cycle, only one bed is simulated under-

going all the cycle steps, since all the beds go through the

same sequence of steps. At each step, the molar flow histories

coming out of the bed are kept in the computer’s memory.

These histories are used as boundary conditions (interpolated

with Hermite cubic polynomials) in the steps where they are

needed. The PDE’s system has been discretized with the

method of orthogonal collocation in finite elements, with

cubic Hermite polynomials, and the resulting ODE system has

been solved with the ODEPACK program [49]. Linear pressure
PSA I

F,i·(1-RI,i(1-RII,i))

·yF,i F·yF,i·(1-RI,i)

F·yF,i·RI,i

LI

HI

is the heavy product. F is the number of moles fed to PSA I

ction of the ith component in the feed of PSA I, RI,i is the

II,i is the recovery of ith component in the heavy product of
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Duration, s tstep tstep tstep tstep tstep tstep tstep tstep

COLUMN 1 ADS HR DEQ1 DEQ2 EV PEQ2 PEQ1 BF 
COLUMN 2 PEQ1 BF ADS HR DEQ1 DEQ2 EV PEQ2 
COLUMN 3 EV PEQ2 PEQ1 BF ADS HR DEQ1 DEQ2 
COLUMN 4 DEQ1 DEQ2 EV PEQ2 PEQ1 BF ADS HR 

ADS DEQ1 DEQ2 EV PEQ2 PEQ1 BF

F

uF

L

H
PH PH

↓
PE1

PE1

↓
PE2

PE2

↓
PL

PE2

↑
PL

PE1

↑
PE2

PH

↑
PE1

HR

PH

uF

Fig. 2 e Individual PSA cycle in dual PSA configuration for recovering syngas from a H2/CO/CH4/CO2 mixture. F ¼ feed gas,

L ¼ light product, H ¼ heavy product, PH ¼ high pressure, PL ¼ low pressure, PE ¼ equalization pressure, ADS ¼ feed gas

adsorption, HR ¼ heavy reflux, DEQi ¼ ith depressurizing equalization, EV ¼ evacuation, PEQi ¼ ith pressurizing

equalization, BF ¼ backfill, uF ¼ feed gas velocity in the adsorption and heavy reflux step.
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variations are assumed in pressure-changing steps (P(t) in

Table 1).

To simulate the Dual PSA process, PSA I and PSA II cycles

are simulated at the same time, using two executable pro-

grams, one for each process. Both programs exchange the

information they need to simulate their successive cycles

through files that are updated at the end of each cycle. The

feed composition of PSA II is obtained from the composition of

the heavy product of PSA I (Fig. 1). The feed composition of

PSA I is calculated from a mass balance around the mixing

node of the fresh feed (Fig. 1), using information from the

previous cycle:

yF;i

���
cycle kþ1

¼
2
4yLII ;i

Xj¼n

j¼1

yF;jRI;j

�
1� RII;j

�þ yfresh;i

Xj¼n

j¼1

yF;j

�
1� RI;j

�
1� RII;j

��35
cycle k

(7)

where the subscript LII refers to LII stream, and the subscript

fresh refers to the fresh feed to the process. The values of yF,i
calculated with Eq. (7) were divided by the sum of yF,i for all

components to impose that the sum of yF,i is equal to 1.

Adsorbent properties have been taken from a previous

work [39]: particle density ¼ 933 kg m�3, particle

porosity ¼ 0.31, particle radius ¼ 4.5$10�4 m, bed

porosity ¼ 0.4. The equilibrium parameters (Extended Lang-

muir equation) of each gas are shown in Table 2.
The kinetic parameters (Table 3) have been obtained by

adjusting with the Arrhenius equation the values of reciprocal

diffusion time constants reported in the same work (setting

ks¼ 15� reciprocal difusi�on time constant). For H2, it has been

assumed that ks ¼ ∞ [39].

The adsorption equilibrium and kinetic parameters used

have been measured from laboratory experiments in a previ-

ous work [39], and they have also been validated with PSA

experiments elsewhere [42].

A value of PL ¼ 0.1 bar has been taken because deep

vacuum is economically infeasible and practically difficult

at large scale [47]. A low pressure of 0.1 bar is a typical limit

considered for practical application of PSA technology

[50,51].

The feed gas temperature to both PSA cycles is 25 �C. A
parametric study of the effect of the main operating variables

(feed velocities, bed length, step duration) on the separation

performance has been carried out. The operating conditions

and simulation results are shown in Table 4. When analyzing

the effect of bed length and feed rate, it was found that the

effect of these variables is small if the contact time in the feed

step is kept constant (calculated as L/uF). This can be seen by

comparing the results of Runs 1 and 2 (keeping constant LI/uFI),

which are very similar, and the same occurswith the results of

Runs 4 and Run 5 (keeping constant LII/uFII). For this reason,

the effect of contact time on separation performance has been

analysed. Fig. 3 shows the effect of the contact time of PSA I

(Runs 7, 3 and 1 in Table 4).

https://doi.org/10.1016/j.ijhydene.2020.02.153
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Table 1 e Model for an adiabatic PSA process.

Total mass balance in voids between particles

ε

v C

v t
¼ � v

v z
ðu CÞ� ð1 � εÞ 3

Rp

Xi¼n

i¼1

kmacro;i ðC yi � cmacro;iÞ

Mass balance of ith component in voids between particles

ε

vðC yiÞ
v t

¼ � v

v z
ðu C yiÞ þ DLε

v

v z

�
C
v yi
v z

�
� ð1 � εÞ 3

Rp
kmacro;i ðC yi � cmacro;iÞ

Mass balance in macropores Mass balance in micropores

εp
v cmacro;i

v t
¼ 3

Rp
kmacro;i ðC yi � cmacro;iÞ� rp ks;i ðn*

i ðcmacroÞ � niÞ
v ni

v t
¼ ks;i ðn*

i ðcmacroÞ � niÞ

Equation of state Momentum balance

C¼ P
R Tg

� v P
v z

¼ 150 mð1� εÞ2
ε
34 R 2

p

uþ1:75 ð1� εÞrg
ε
32 Rp

u 2

Multicomponent adsorption isotherm (Extended Langmuir)

ni ¼
nmax;i bi pi

1þPj¼n
j¼1bj pj

bi ¼ b0;i exp

��DHi

RT

�

Energy balance in the gas phase (adiabatic column) Solid-gas heat transfer correlation

v

vt
ðε cvgCTgÞ ¼ l

v2T
vz2

� v

vz
ðu C cpgTgÞ þ ð1 � εÞ 3

Rp
hsgðTs � TgÞ hsg ¼ kg

2 Rp
ð2þ1:1 Re0:6Pr1=3Þ

Energy balance in the adsorbent

v

vt
ðrpcpsTs þεpcvgTs

Pi¼n

i¼1
cmacro;iÞ ¼ rp

Pi¼n

i¼1

�
ð� DHiÞ

vni

vt

�
� 3

Rp
hsgðTs � TgÞ

Gas-solid mass transfer correlation Gas-macropore mass transfer coefficient

kf ¼
u

ε Sc2=3

�
0:765
Re0:82

þ 0:365
Re0:386

�
kmacro ¼

0
BB@ 1
5Dmεp

t Rp

þ 1
kf

1
CCA

�1

Axial dispersion correlations Mass transfer coefficient in micropores

DL ¼ 0:73 Dm þ u Rp=ε

1þ 9:49 ε Dm

2 u Rp

l ¼ kgð10þ0:5 Re PrÞ ks;i ¼ ks0;i exp

�
� Ediff ;i

RT

�

Compression energy

Energy per cycle ðJÞ ¼
Z tevacuation

0
ðmole flow rate outÞ kRTg;out

ðk� 1ÞhC

2
64�Patm

Pout

�k� 1
k � 1

3
75dt k ¼ cpg

cvg
hC ¼ 0:6

Boundary conditions for steps with specified outlet pressure (e.g. adsorption)

Boundary conditions for total mass balance

z ¼ zinletu C ¼ molar flux in z ¼ zoutletP ¼ outlet pressure

Boundary conditions for mass balance of ith component

z ¼ zinletu C yi � ε DLC
vyi
vz

¼ molar flux of ith component in z ¼ zoutlet
vyi
vz

¼ 0

Boundary conditions for energy balance

z ¼ zinlet u C cpg Tg � l
vTg

vz
¼ ðmolar flux inÞ cpg Tinlet z ¼ zoutlet

vTg

vz
¼ 0

Boundary conditions for pressure-changing steps (e.g. pressurization)

Boundary conditions for total mass balance

z ¼ zwith pressure variationP ¼ PðtÞ z ¼ zclosed
vP
vz

¼ 0

Boundary conditions for mass balance of ith component

z ¼ zwith pressure variationuðyi � yi;inÞ � ε DL
vyi
vz

¼ 0 z ¼ zclosed
vyi
vz

¼ 0

Boundary conditions for energy balance

z ¼ zwith pressure variationu C cpg ðTg � Tg;inÞ � l
vTg

vz
¼ 0 z ¼ zclosed

vTg

vz
¼ 0

Boundary conditions for steps with specified molar inlet flux (e.g. pressurizing equalization)

Boundary conditions for total mass balance

z ¼ zinletu C ¼ molar flux in z ¼ zclosed
vP
vz

¼ 0

Boundary conditions for mass balance of ith component

z ¼ zinlet u C yi � ε DLC
vyi
vz

¼ molar flux of ith component in z ¼ zclosed
vyi
vz

¼ 0

Boundary conditions for energy balance

z ¼ zinlet u C cpg Tg � l
vTg

vz
¼ ðmolar flux inÞ cpg Tinlet z ¼ zclosed

vyi
vz

¼ 0

Initial conditions

P ¼ Pinitial yi ¼ yi;initial Tg ¼ Tinitial Ts ¼ Tinitial ni ¼ ni;initial at equilibrium with P yi;initial at Tinitial
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Table 2 e Langmuir parameters of H2/CO/CO2/CH4 on BPL
activated carbon.

Parameter H2 CH4 CO CO2

nmax (mol kg�1) 1.790 2.731 1.818 4.25

b0 (Pa
�1) 1.33$10�8 1.61$10�9 1.59$10�9 3.93$10�10

-DH (kJ mol�1) 5.93 20.27 18.69 25.04
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It is observed that the purity of the syngas increases as the

contact time increases. This is because the longer the contact

time the strong adsorbates have more time to be adsorbed as

they pass through the bed in the adsorption step, thus

lowering their concentration in the outlet stream (light prod-

uct). This can be seen in Fig. 4, where themole fraction profiles

in the bed at the end of the adsorption step in PSA I are

compared for the cases with LI/uFI ¼ 7 and 12 s. For a contact

time of 7s,methane concentration front reaches the end of the

bed, which lowers the purity of the syngas obtained (94.76%,

Run 7 in Table 4), while with a time of 12 s the concentration

fronts of CO2 and CH4 do not reach the end of the bed, so the

purity of the syngas obtained is very high (þ99.99%, Table 4).

Productivity decreases as LI/uFI increases (Fig. 3) because the

bed adsorption capacity is less used. The decrease in pro-

ductivity results in an increase of the energy consumed

(Fig. 3).

It is observed that when LII/uFII goes up, the purity of the

syngas increases and the recovery decreases. This is because

raising this variable reduces the amount of CO2 and CH4 in the

light product of PSA II, and therefore a smaller amount of

these components reaches PSA I (Fig. 1). This can be seen in

Fig. 6, which shows the effect of LII/uFII on the mole fraction

profiles in the gas at the end of the adsorption step in PSA II.

The productivity of syngas decreases when LII/uFII in-

creases because CO recovery decreases. This is seen in Fig. 7,

where the effect of LII/uFII on the concentration profiles at the

end of the adsorption step in PSA I is shown. As the LII/uFII

rises, the bed is loaded with less CO2 and CH4, which causes

more CO to be lost in the heavy product. The energy consumed

permol of fresh feed decreases when rising LII/uFII because the

flowrate of fresh feed rises (Ffresh/F increases, Runs 5 and 6 in

Table 4).

It is observed that as the tstep rises the purity of the syngas

decreases and the recovery of syngas increases. As tstep rises,

more gas is fed and the CO2 and CH4 concentration fronts

advance more through the bed, especially the CH4 (heavy key

component) so the light product is impurified with CH4. Syn-

gas recovery increases because the heavy product of PSA I

contains less syngas, as the bed is loaded with more CO2 and

CH4 prior to evacuation. Productivity increases and energy

decreases as tstep increases because the adsorption capacity of

the bed is used to a greater extent.
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Table 3 e Mass transfer parameters in micropores of BPL
activated carbon (for Arrhenius equation in Table 1).

Parameter CH4 CO CO2

ks0 (s
�1) 1960 577 7918

Ediff (kJ mol�1) 17.7 11.3 23.6
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Fig. 3 e Effect of LI/uFI on separation performance.
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The effect of increasing the amount of gas introduced into

the heavy reflux step (increasing the duration of the heavy

reflux step, tHR) can be seen in Table 4 with Runs 3, 10 and 11.

Increasing tHR results in an increase of the purity of heavy

product and the recovery of syngas in the light product. This

suggests that, if tHR is increased, the contact time in PSA II can

be increased to reach the same purity of the heavy product,

thereby reducing energy consumption (see Runs 3 and 5 in

Table 4). In addition, it is also seen that if the contact time of

PSA II is increased, the purity of the syngas increases (Fig. 5),

so that the contact time of PSA I can be lowered to reach the

same purity of the light product.

Bearing this in mind, the process has been designed with

different values of duration of the HR step, looking for purity

and recovery of syngas in the light product above 99% (Runs
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Fig. 4 e Effect of LI/uFI (in s) on mole fraction profiles. The

effect of LII/uFII on separation is shown in Fig. 5 (Runs 6, 3

and 5 in Table 4).
12, 13 and 14 in Table 4). A recovery value above 99% for a PSA

process has been proposed by Kuah et al. [52]. To this end, the

contact times of PSA I and PSA II have been changed to achieve

this objective. It is observed that there is an optimum pro-

portion of gas volumes in the ADS/HR steps with which

minimum energy consumption (14 kJ mol�1
fresh feed) and

maximum productivity (8.22$10�4 mol kg�1 s�1) are achieved,

with purity and syngas recovery above 99% (Run 13 in Table 4).

Although according to engineering experience for operation

with single PSA units it is difficult to achieve recoveries above

95%, simulation results with a model based in conservation

equations show that it is possible to achieve recoveries above

99% with a Dual PSA process.

Fig. 9 shows a flow diagram of the Dual PSA process with

operating conditions of Run 13 in Table 4.

All H2 in the feed is recovered in PSA I. Part of the CO in the

feed passes from PSA I to PSA II, but is recovered in the light

product of PSA II, so that very little is lost in the heavy product

of PSA II. The concentration of CO2 and CH4 rises progressively
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Fig. 6 e Effect of LII/uFII (in s) onmole fraction profiles of PSA

II.
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I. The effect of the step duration (tstep) on the separation is

shown in Fig. 8 (Runs 8, 3 and 9 in Table 4).
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from fresh feed to feed of PSA I (bymixingwith LII), then grows

in the heavy product of PSA I, to finally reach the maximum

value in the heavy product of PSA II. Fig. 10 shows the initial

and final profiles in the evacuation step (EV) of PSA II. The

heavy end of the bed is mainly loaded with CO2 and CH4

during evacuation, which explains the low concentration of

CO and H2 in the heavy PSA II product. Fig. 11 shows the initial

profiles in the ADS step and the final ones in the HR stage. The

purity of syngas is high because during the ADS and HR stages

the CO2 and CH4 concentration fronts do not reach the light

end of the bed.

The energy consumption of the process producing syngas

by dry methane reforming at 700 �C integrated with the re-

covery of syngas by Dual PSA has been calculated using the

AspenPlus® program. Fig. 12 shows a flow diagram of the

process considered for the calculation of energy consumption.

To calculate the energy consumption in the reactor, the en-

ergy consumption due to the pressure drop has been
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Fig. 8 e Effect of tstep on separation performance.
neglected, as it is very small compared to the heat input [11].

Energy consumption due to pressure drop through heat ex-

changers has also been neglected [52]. To calculate the energy

consumption of the Dual PSA process, only the consumption

due to gas compression has been considered [52,53]. A heater

connected to the reactor is used to reach the reaction tem-

perature, which operates at 700 �C and 1 bar. The reactor was

simulated with the RSTOIC module. The reactor consumes

energy because the reactions that occur are endothermic. The

product is cooled to 35 �C to recover heat, and then cooled to

25 �C to be sent to a drying process where the water produced

by the RWGS reaction (Eq. (2)). Drying has been considered to

consume 8 MJ per kg of water withdrawn [54]. The resulting

stream is sent to the Dual PSA, where the syngas is obtained

and the unreacted CO2þCH4 mixture is recycled to the reactor.

Due to the RWGS reaction, the CO2 conversion is greater than

the CH4 conversion, so it is necessary to add additional CO2 to

maintain an equimolar CO2/CH4 ratio at the reactor inlet. To

simulate the Dual PSA in Aspenplus®, a SEP2module has been

used assuming that the concentrations of CO2 and CH4 in the

light product, and those of H2 and CO in the heavy product, are

the same as in the Run 13 in Table 4. The thermal energy

consumption of the Dual PSA has been calculated considering

that each unit of (electrical) compression energy corresponds

to 2.5 units of thermal energy. The calculation has been car-

ried out as follows:

Thermal energy consumption (kJ/mol syngas)¼ (44.9þ 130.5�
50.4 þ 0.0308*18*8 þ 2.277*14.0*2.5)/1.994 ¼ 104.9.

Specific energy input (SEI, kJ/L (STP)) ¼ 104.9/22.4 ¼ 4.7.

This energy consumption has been compared with that

reported for other alternatives to carry out the syngas pro-

duction process through dry methane reforming with con-

versions close to 100%. The value obtained with the proposed

process is less than that required with a plasma reactor

(11.2 kJ (electrical)/L [55]). Luyben [11] has designed a process

to obtain syngas by methane dry reforming using a fired

reactor with Ni catalyst operating at 1000 �C and 4 bar. The

thermal energy consumption required to obtain syngas at

1.5 bar and 50 �C is 72 kJ/mol syngas (SEI 3.2 kJ/L). Although the

energy consumption of the proposed process is greater than

this value, it must be considered that this process involves

working at 1000 �C instead of 700 �C in the reactor, which

implies greater deactivation of the catalyst by sintering

[22,56], consumption of heat with higher quality (the source of

heat is at higher temperature), and the need for more expen-

sive materials to build the reactor.

The calculation of bed size and the economic calculation of

adsorbent cost for an equimolar CO2/CH4 feed stream of

1000 kmol h�1 is available in Appendix A(Supplementary

Material). The bed size required using four Dual PSA units is

9 m of diameter and 1 m of length, which is comparable to the

bed size of other industrial adsorption processes [57]. The

adsorbent cost assuming an adsorbent lifetime of 10 years [58]

and an adsorbent price of 800 USdollar per ton [59] is 0.14

USDollar per TCM (thousand cubic meter) of syngas. This cost

is acceptable considering that the production cost of syngas

from natural gas is 24e90 USdollar per TCM [60].
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Fig. 9 e Flowsheet of the Dual PSA process with operating conditions of Run 13 in Table 4.
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Recovery of syngas from the tail gas of a PSA for H2

purification from SMR off-gas

Another possible application of the proposed Dual PSA pro-

cess is the recovery of syngas from the tail gas of a PSA

process for obtaining hydrogen from steam methane

reforming (SMR). In these processes, high purity hydrogen

(>99.99) is obtained from a mixture containing H2, CO, CO2

and CH4 [43e45], and a waste gas is produced containing the

unrecovered H2, and virtually all the CO, CO2 and CH4 in the

feed. Normally this gas is sent to an oven to obtain energy

[45], but it can be used more efficiently if H2 and CO (syngas)

are separated from CO2 and CH4 (raw material for the dry

reforming of methane), as two valuable products are ob-

tained. A Dual PSA process has been designed to recover

syngas from a waste gas from a typical PSA process for

obtaining H2 from SMR. To calculate the composition of the

waste gas, a typical composition of the gas fed to the PSA
0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

 H2 ONSET EV STEP
 CO ONSET EV STEP
 CO2 ONSET EV STEP
 CH4 ONSET EV STEP
 H2 END EV STEP
 CO END EV STEP
 CO2 END EV STEP
 CH4 END EV STEP

m
ol

e 
fra

ct
io

n 
in

 g
as

 p
ha

se

z / L

Fig. 10 eMole fraction profiles in EV step of PSA II in Run 13

in Table 4.
producing H2 has been assumed (76% H2, 4% CO, 17% CO2, 3%

CH4), and it has been assumed that the PSA process achieves

an 85% H2 recovery [44,45]. Thus, the tail gas has a compo-

sition of 32.20% H2, 11.30% CO, 48.02% CO2 and 8.48% CH4.

The same high- and low-pressure values of the cycles have

been maintained. Operating conditions and separation per-

formance are shown in Table 4 (Run 15). The flow diagram of

the Dual PSA process designed is shown in Fig. 13. It is also

possible to recover syngas efficiently from this waste gas

with the proposed process, with purity and recovery above

99%. This indicates that this process has a good capacity to

adapt to changes in the composition of the feed gas. The H2/

CO ratio of the syngas obtained is higher than in the previous

case due to the lower proportion of CO in the feed gas. In this

case it has not been necessary to include the HR stage, due to

the higher CO2 content of the gas to be treated (48 vs. 5.6%),

so that a high concentration of CO2 in the heavy product can

be achieved without the need for the HR step.
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Fig. 11 eMole fraction profiles in ADS and HR steps of PSA I

in Run 13 in Table 4.
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Fig. 12 e Flowsheet of the methane dry reforming process at 700 �C integrated with syngas recovery by Dual PSA.
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Fig. 13 e Flowsheet of the Dual PSA process with operating conditions in Run 15 in Table 4.
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Conclusions

ADual PSA process has been designed to recover syngas from a

dry methane reforming process using BPL activated carbon as

adsorbent operating at 25 �C. The process can recover syngas

with purity and recovery greater than 99% of a reaction product

obtainedwith aNi catalystwithMgOpromoter at 700 �C, so that

the effective conversion of the reactor can be raised to almost

100%. The energy consumption of the process (SEI ¼ 4.7 kJ/L

thermal) is notably lower than that reported for plasma re-

actors, and higher than that reported for a Ni catalytic reactor

operating at 1000 �C, but with the advantage of operating at

700 �C instead of 1000 �C. The proposedDual PSA process can be

used for the efficient recovery of syngas and CO2/CH4 mixture

from the waste gas of a PSA producing H2 from SMR off-gas.
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Notation

b0,i preexponential constant of bi, Pa
�1

bi adsorption affinity of ith component, Pa�1

C total concentration, mol m�3

cmacro,i concentration of ith component in macropores, mol

m�3

cpg gas heat capacity at constant pressure, J mol�1 K�1

cps heat capacity of solid adsorbent, J kg�1 K�1

cvg gas heat capacity at constant volume, J mol�1 K�1

DL axial dispersion coefficient, m2 s�1

Dm molecular diffusivity, m2 s�1

Ediff,i activation energy of diffusion of ith component, J

mol�1

EI Compression energy consumption in PSA I, kJ per

mol of fresh feed
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hsg heat transfer coefficient between gas and solid,

J m�2 s�1 K�1

k cpg/cvg ratio

kf external mass transfer coefficient, m s�1

kg gas heat conductivity, J m�1 s�1 K�1

kmacro,i mass transfer coefficient between gas and

macropores of ith component, m s�1

ks,i mass transfer coefficient of ith component between

macropores and micropores, s�1

ks0,i preexponential constant of ks,i, s
�1

L bed length, m

ni adsorbed concentration of ith component, mol kg�1

p partial pressure, Pa

P total pressure, Pa

PI,i productivity of ith component in light product of PSA

I, mol kg�1 s�1

Pr Prandtl number, cpg m/kg
R gas constant, 8.31 J mol�1 K�1

Re Reynolds number, r u 2 Rp/m

RI,i recovery of ith component in PSA I

Rp particle radius, m

Sc Schmidt number, m r/Dm

t time, s

Tg gas temperature, K

Ts solid adsorbent temperature, K

tstep step duration, s

u superficial velocity, m s�1

y mole fraction

z axial coordinate, m

DH adsorption enthalpy, J mol�1

Greek letters

ε bed porosity

εp particle porosity

l heat axial dispersion coefficient, J m�1 s�1 K�1

m gas viscosity, Pa s

rp particle density, kg m�3

rg gas density, kg m�3

t tortuosity

hC isentropic compression efficiency
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