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Abstract 
 
As CO2 concentration levels in the atmosphere are steadily reaching a point of no return, it is paramount that actions are taken 
towards mitigating emissions by improving the efficiency of existing processes. Sorption-enhanced water-gas shift (SEWGS) 
combines the water-gas shift reaction with in-situ adsorption of CO2 on potassium-promoted hydrotalcite (K-HTC). This enables a 
direct conversion of syngas into separate hot streams of H2 at feed pressure and CO2 at regeneration pressure, making the process 
attractive for pre-combustion carbon capture and storage (CCS) and reduction of greenhouse gas emissions. The current work is 
evaluating the high-temperature, high-pressure adsorption step of the SEWGS process enhanced by a novel technology which 
replaces common packed bed reactors with 3D-printed monolithic structures. This approach would enable an overall increase in 
process productivity. To this extent, innovative dynamic models based on validated competitive adsorption isotherms were 
developed in this work. COMSOL Multiphysics was used to develop a 1D computational fluid dynamics (CFD) model of adsorption 
for a fixed bed reactor in order to verify the model accuracy against existing studies. Subsequently, 2D CFD simulations were 
developed to describe adsorption inside monolith structures, both free and porous regions. The multi-component adsorption isotherm 
used in the simulations was validated with published breakthrough capacities for CO2 and H2O at different pressures. Model 
predictions are in agreement with expected behavior, as monolith reactors provide a more efficient mass transfer, and will be used 
to enhance the performance of experimental monolith structures used in SEWGS. 
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1. Introduction 

 
Since the beginning of the Industrial 

Revolution in eighteenth century Britain, when the 
increased use of steam power led to thriving 
metallurgical and chemical industries human activities 
have continued to negatively impact Earth’s climate 
through the emission of greenhouse gases (GHG). The 
major anthropogenic GHG is CO2, which causes the 
absorption of energy of specific wavelengths that 
would normally leave the atmosphere to radiate back 
towards the surface, warming it (Le Treut et al., 2007). 
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Levels of CO2 emissions in the atmosphere had 
reached an all-time high in 2010 with a value of almost 
400 ppm, accounting for 76% of total anthropogenic 
GHG emissions. Most CO2 emissions come from 
fossil fuel combustion and industrial processes, with 
electricity and heat production being the leading 
causes for pollution (IPCC, 2014; Zivkovic et al., 
2018). Measures to improve the energy sector and 
reduce greenhouse gas emissions have been assessed 
by the Intergovernmental Panel on Climate Change 
(IPCC). One option for mitigating CO2 involves a 
technology known as carbon capture and storage 
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(CCS), which refers to separating CO2 from industrial 
point sources and transporting it to storage sites to be 
deposited. The IPCC outlines three different types of 
CCS: post-combustion, in which CO2 is separated 
from the exhaust of industrial processes, oxyfuel 
combustion, based on high purity oxygen use, and pre-
combustion, a process in which, through water-gas 
shift, separated carbon dioxide and hydrogen are 
obtained to be used in combustion or for other 
purposes (IPCC, 2005).  

Hydrogen is valuable due to its role in 
industrial processes, such as obtaining ammonia and 
methanol, and shows promise as an efficient, clean 
source of energy. However, an issue that needs to be 
addressed is the connection between industrial scale 
H2 production and CO2 emissions (Winter, 2009). A 
way to achieve both carbon dioxide emissions 
reduction and hydrogen production is a high potential 
pre-combustion technology called sorption-enhanced 
water-gas shift (SEWGS) (Voldsund et al., 2016). 

SEWGS is a process that combines the water-
gas shift (WGS) reaction (Eq. 1) with in-situ 
adsorption of CO2 (Eq. 2) at high-temperatures 
between 300-500 °C and high-pressure levels between 
10-40 bar. Steam adsorption (Eq. 3) is possible based 
on process conditions (Hufton et al., 1999).  

 
𝐶𝑂 𝐻 𝑂 ↔ 𝐶𝑂 𝐻    (1) 
𝐶𝑂  • ↔ 𝐶𝑂  •    (2) 
𝐻 𝑂  • ↔ 𝐻 𝑂  •   (3) 
 

Conventional WGS technology requires two 
consecutive reactors to obtain high conversion of CO, 
followed by pressure swing gas adsorption (PSA) to 
separate the CO2 from the pure H2, whereas with 
SEWGS, the second reactor and PSA can be combined 
into a SEWGS unit, leading to less process steps and 
less equipment needed. Moreover, in the case of a 
steam methane reformer without carbon capture, the 
CO2 is released into the atmosphere, while SEWGS 
enables high CO2 capture ratios at a higher energy 
efficiency and lower cost in comparison with more 
mature technologies (van Selow et al., 2011). 

Considerable efforts were made in testing 
different sorbents to be used in a SEWGS process, 
however, most proved to be less desirable for various 
reasons. Hydrotalcite based adsorbents seem to 
outclass other types of adsorbents, as they demonstrate 
high thermal stability, fast sorption kinetics and high 
CO2 selectivity (Ebner et al., 2006; Walspurger et al., 
2010). The most commonly known hydrotalcite is 
Mg-Al hydrotalcite (Sikander et al., 2017). The 
impregnation of the hydrotalcite with alkaline metals, 
such as K2CO3, has been observed to increase the 
sorbent’s capability to adsorb basic species ( Lee et al., 
2008). The potassium-promoted hydrotalcite (K-
HTC) has two roles: acting as catalyst for the WGS 
reaction and sorbent for reversibly adsorbing CO2 

(Jang et al., 2012; Zheng, et al., 2014). After 

adsorption, the CO2 that is released during K-HTC 
regeneration is sufficiently pure to be stored (Hufton 
et al., 1999; Lee et al., 2010; Yong et al., 2002). 

The SEWGS process (Fig. 1) involves a series 
of traditional packed bed reactors which run in 
pressure cycles, enabling the periodic loading and 
regeneration of the sorbent. Since multiple reactors are 
being used, the process acts as if continuous and leads 
to a constant production of separate streams of CO2 

and H2. In the first cycle step, syngas enters the 
column in which CO reacts with steam to obtain CO2 
and H2. CO2 is taken up by adsorption and a H2 rich 
stream is obtained. Once the sorbent is saturated, a 
medium-pressure steam rinse takes place pushing the 
syngas into another reactor. After the rinse, a number 
of pressure equalizations are performed. During this 
step, the rinse gas in the high-pressure reactor expands 
and pushes the remaining syngas into a lower pressure 
reactor. Gas pressure is conserved since the high-
pressure reactor that required depressurization will 
connect to a lower pressure one that needs to be 
pressurized. In the blowdown step, the pressure in the 
reactor is rapidly decreased to 1 bar and some CO2 is 
released from the sorbent, exiting the reactor with the 
steam and allowing particle regeneration. By purging 
the reactor with low-pressure steam, additional CO2 is 
released and sorbent regeneration is enhanced. 
Following pressure equalization with a high-pressure 
reactor and re-pressurization, the reactor will be ready 
to undergo the SEWGS process from the beginning. 
SEWGS is an attractive process for both pre-
combustion CCS and GHG emissions reduction since 
it directly converts syngas into a hot H2 stream at feed 
pressure and a separate CO2 stream at regeneration 
pressure (Boon et al., 2015). SEWGS appears to be a 
promising CCS technology, as discussed by Riboldi 
and Bolland (2017), who highlight the good potential 
of PSA in pre-combustion applications with hot gas 
separation processes, especially when considering 
sorption-enhanced processes.  

One bottleneck for traditional fixed bed 
solutions for sorbent-based CCS technologies is the 
trade-off between flow-rate through the reactor, 
pressure drop and kinetics of the adsorption process. 
A monolith reactor has a honeycomb structure made 
of thin-walled supports. Many straight parallel 
channels in micron- and millimeter-scale combine to 
create the entire structure. These channels can have 
various shapes, such as square, triangular, circular, 
hexagonal or others, depending on purpose. In the case 
of sorption, monolithic structures provide an attractive 
alternative to regular fixed bed reactors due to the high 
active surface area of the channels (Govender and 
Friedrich, 2017). Several fixed bed processes are 
believed to be able to benefit from the use of monolith 
configurations, due to pressure drop or mass transfer 
constraints, as monolithic structures exhibit an 
outstanding pressure drop to mass transfer ratio 
(Boger and Sorensen, 2004). 
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Fig. 1. Eleven step SEWGS cycle with concurrent steam rinse (Boon et al., 2015) 
 

In the last years, the idea of replacing packed 
bed reactors with monoliths has received more and 
more attention. The applications that have been 
proposed include two categories: automobile 
applications (Dhanushkodi et al., 2008; Sadeghi et al., 
2017; Tischer and Deutschmann, 2005) and industrial 
applications: syngas combustion (Pramanik and 
Ravikrishna, 2017), benzene alkylation (Dai et al., 
2013), PSA (Pahinkar and Garimella, 2018), catalytic 
oxidation of volatile organic compounds (Rodríguez 
et al., 2016),  Natural Gas Reforming (Heidebrecht et 
al., 2011), etc. The majority of modeling and 
simulation research has been focused on gas phase in 
the monolith, with a small number of papers published 
on multi-phase monolith reactors (Bertrand et al., 
2012; Durán Martínez et al., 2016; Lei et al., 2016). 

Depending on the objectives, applications and 
numerical computational limitations, these models can 
be classified as 1D, 2D or 3D models (Chen et al., 
2008). Based on the monolith structure, there are 
different modeling scales: single channel (majority of 
the developed models), multi-channel (Dai et al., 
2013; Lupše et al., 2016) or an entire reactor (Bauer et 
al., 2005). 

In order to compare various modeling 
approaches, the effect of channel geometry (i.e. circle, 
hexagon, square, rectangle, and regular triangle) on 
the reactor performance was investigated (Dai et al., 
2013, Sadeghi et al., 2017). For monolith catalysts, a 
regular triangular or rectangular channel shape is 
favorable when considering pressure drop and process 
selectivity/conversion. Furthermore, the effect of the 
most important operating parameters, such as 
temperature, porosity and wall/wash-coat thickness, 
inlet velocities, residence time on the conversion in the 
reactor were investigated by Lupše et al. (2016), 
Pramanik and Ravikrishna (2017) and Sadeghi et al. 
(2017). 

This paper studies the adsorption step of 
SEWGS, in which the traditional fixed bed 
configuration is replaced with monolith structures 
made of K-HTC adsorbent material. To date, there are 
few articles published regarding SEWGS modeling 
and even less on monolith computational fluid 
dynamics (CFD) simulations for hydrogen production. 
Reijers et al. (2009a, 2009b) developed a 1D model to 

study a sorption-enhanced reaction process for CO2 
capture with steam methane reforming (SMR) and 
WGS reactions taking place in the packed bed reactor, 
then validated the model based on experimental data. 
A SEWGS model on packed bed reactors was 
developed for IGCC by Wright et al. (2011) to 
investigate the effects of using different feedstocks 
and discovered that steam amount needed to operate 
SEWGS units was similar when using syngas from 
either natural gas or coal. Boon et al. (2014) developed 
a SEWGS reactor model which uses the linear driving 
force (LDF) approximation and double component 
isotherm to accurately predict breakthrough 
performance and highlight competitive adsorption 
between CO2 and H2O in SEWGS. Irani et al. (2011) 
developed a CFD model of SMR and WGS in 
monolith reactors for hydrogen production, but their 
model was steady state with the purpose of 
investigating efficiency of surface or volume-based 
reaction models in terms of better predictions. 

In this work, CFD models were developed in 
COMSOL Multiphysics to simulate adsorption of CO2 
and H2O, the first step of SEWGS, in space-time. For 
validation purposes, a 1D model of a fixed bed reactor 
was developed to enable comparison to existing 
published data. Subsequently, a 2D model considering 
mass, heat and momentum transfer was built to 
simulate adsorption inside a single channel of a 
monolith reactor. As no experimental data was 
available on such configurations, pre-validation was 
done through analytical methods. The key target was 
using CFD for assessment of adsorption kinetics in 
structured bed configurations for SEWGS. 

 
2. Model development 
 
2.1. Breakthrough measurements 

 
Boon et al. (2014) performed breakthrough 

experiments in a multi-column SEWGS test rig, which 
was accurately described by van Selow et al. (2009). 
H2O breakthrough capacity was measured at three 
total pressure levels: 8, 17.5 and 27 bar(a). At each of 
the pressure levels, breakthrough measurements were 
carried out with 11, 43 and 78 volume percentage of 
steam in argon-nitrogen gas mixture. Subsequently, 
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CO2 breakthrough experiments were performed at 7, 
12, 17, 22 and 27 bar(a) total pressure. The volume 
percentages of CO2 in argon-nitrogen mixture were 3, 
33 and 71 for every pressure setting. The CO2-H2O 
mixture breakthrough experiments were aimed at 
measuring excess adsorption of CO2 and H2O at 400 
°C and 27 bar(a). In total, 32 conditions were tested 
with CO2 partial pressures ranging between 0.5-24 bar 
and H2O partial pressures ranging between 4-24 bar. 

 
 

2.2. Adsorption isotherm 
 
Boon et al. (2014) managed to fit a multi-

component adsorption isotherm to the SEWGS 
system. A model based on two double isotherms was 
derived to take into account surface contributions and 
nanopores contributions for CO2 and H2O adsorption 
at high pressures. The regressed parameters are shown 
in Table 1. Although the surface sites are specific, 
either adsorbing CO2 or H2O, competitive adsorption 
in nanopores is likely to take place. The surface 
adsorption of CO2 was described by a Langmuir 
isotherm (first term on right side in Eq. 4), in 
agreement with most other studies found in literature. 
For the surface contribution of H2O, a Freundlich 
isotherm was used (first term on right side in Eq. 5), 
as to reflect the heterogenous character of the sites for 
H2O. Nanopore contribution of both CO2 and H2O was 
described through a Dubinin-Astakhov equation 
(second term on right side in Eqs. (4-5)) based on 
volume filling theory, where the assumption of no 
lateral interactions between adsorbed species enabled 
the amount of gas adsorbed to be determined by the 
limiting nanopore volume V0, pore-size distribution 
parameter m and the nanopore-sorbate interaction 
energy E (Do, 1998; Coenen et al., 2017). As such, in 
the case of CO2 (Eq. 4): 
 

𝑞∗

,
            (4) 

 

𝑞∗ 𝐾 𝑝 ⁄

,
                (5) 

 
where: 
 

𝐴 𝑒𝑥𝑝 𝑙𝑛 ,                         (6) 

𝑝 , 𝑝 ,
,

                                                (7) 

 

𝑣 ,
,

, ,

.
                                          (8) 

 

The values presented in Table 1 were in 
agreement with values published by other groups. For 
CO2 adsorption on K-HTC, Lee et al. (2007) reported 
similar a monolayer capacity 𝑞 between 0.25-0.45 
mol kg-1, but much higher gas-solid interaction 
parameter 𝐾  at 400 °C in the range of 167 - 369 

MPa-1. However, in a study by van Selow et al. (2013), 
the value reported was 44.5 MPa-1. For H2O 
adsorption, the Freundlich exponent n, quantifying the 
nonlinearity of the isotherm, has been reported to be 
within the range of 1.7-5.1 on various clays (Hatch, 
Wiese, Crane, Harris, Kloss, & Baltrusaitis, 2012). 
Maroño et al. (2013, 2014) found nanopore volumes 
in the range of 50-60 cm3 kg-1. The parameter m, 
which characterizes nanopore heterogeneity, has been 
found to usually vary between 1-6 (Do, 1998). The 
characteristic energy E values for CO2 and H2O are 
regular values for nanopore-sorbate energies using the 
Dubinin-Astakhov model (Do, 1998). 

 
Table 1. Regressed multi-component isotherm parameters 

used in Eqs. (4-8) (Boon et al., 2014) 
 

Parameter Estimate 
𝑞 [mol kg-1] 0.45 ± 0.13 

𝐾  [MPa-1] 28 ± 26 

𝐸  [kJ mol-1]  23 ± 1 

𝑚  [-] 5.2 ± 1.5 

𝐾  [mol kg-1 MPa-1/n] 0.37 ± 0.07 
𝑛 [-] 1.9 ± 0.5 

𝐸  [kJ mol-1] 12 ± 1 

𝑚  [-] 3.6 ± 0.8 
𝑉  [cm3 kg-1] 74 ± 17 

 
2.3. Reactor models 
 
2.3.1. Fixed bed reactor model 

To investigate the kinetics of adsorption, Boon 
et al. (2014) developed a reactor model based on a 
previous reactor model for low-pressure sorption-
enhanced reforming published by Reijers et al. (2009). 
With the purpose of validation, a 1D model simulating 
adsorption in a fixed bed reactor with sorbent pellets 
was carried out in the current work. The model was 
built with COMSOL Multiphysics, using the 
Chemical Reactions and Engineering Module, which 
enabled simulation of transport in porous media. 
Discretization of the porous domain was done using a 
custom made extremely fine mesh, calibrated for fluid 
dynamics. Since the model was one dimensional, only 
the x-coordinate was taken into account. The transport 
equation in the bulk (Eq. 9) accounted for the 
combined effects of convection and diffusion:  

 

∇ ∙ 𝐷 ∇𝑐 𝑢 ∙ ∇𝑐 𝑅                       (9) 

 
where, the first term described the rate of change in 
concentration with respect to time, the second was the 
diffusive term and the third the convective term. The 
reaction rate term Ri was 0.  

The transport equations in the porous domain 
(10) accounted for effective diffusion and convection: 
where the first and second terms describe the rate of 
change in concentration and bed porosity, 
respectively, with respect to time, the third term was 
the effective diffusivity and the fourth was the 
convective term. Again, the value for the reaction rate 
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term Ri was 0. Eqs. (11-14) used for the intraparticle 
model are based on the common LDF assumption for 
porous spherical particles (Table 2) (Reijers et al., 
2009a). Eq. 11 shows the rate of change in loading 
amount with respect to time, proportional with the 
mass transfer coefficient kLDF (Eq. 12), with two 
components accounting for pore diffusion (Eq. 13) 
and surface diffusion (Eq. 14). Model dimensions and 
process conditions are presented in Table 3. 

 

2.3.2. Structured bed reactor model 
A graphical representation of the monolith 

structure with square channels considered in this work 
is presented in Fig. 2a and a single channel is shown 
in Fig. 2b. The monolith reactor’s axial section was 
considered circular. The number of possible channels 
was based on the  channel dimensions and reactor 
surface. By assuming that the flow was evenly 
distributed within the monolith structure and that each 
channel was identical, it was possible to characterize 
the entire monolith by studying just one channel (Chen 
et al., 2008; Sharma and Birgersson, 2016). The 
channel’s axial section was considered square. The 
transition from 3D to 2D was decided based on having 
less model complexity, which translates into less 
computation time and hardware requirements needed 
to run the simulations. Model dimensions are shown 
in Table 4.  
 The wall thickness corresponding to each 
channel was obtained by assuming that the entire 
surface of adsorbent is equally active, including near 

the edges of the reactor where diffusion effects might 
be weaker, thus dividing the surface available of 
adsorbent by the number of channels. 

The high length-width ratio between the reactor 
length of 1 m and channel width of 1 mm led to a 
complicated meshing process. However, the mesh was 
finely discretized with special focus on the transition 
zone between the inlet section with slip wall condition 
and free channel, the boundaries between free channel 
and the porous domain itself. Error tolerances were 
also tightened accordingly to obtain accurate 
predictions. Relative error values were below 10-4 for 
all solved variables. 

The following assumptions were considered 
for the 2D monolith reactor simulation: 

1. Uniform distribution of sorbent activity; 
2. Dynamic mixture, thermodynamic and 

transport properties; 
3. Convection and diffusion in the bulk and 

porous media (Fick’s Law); 
4. Compressible laminar fluid flow; 
5. Heat transfer in the fluid and porous media; 
6. WGS was not considered; 
7. Adsorption of CO2 and H2O were taken into 

account (surface and nanopore contributions); 
8. Porous mass transfer resistance calculated 

with LDF approximation. 
The equations used in the mathematical model 

are presented in Table 5. The fluid was considered as 
being compressible with a time dependent density, 
which led to the continuity equation (Eq. 15). 

 

𝜺𝒃 𝝆𝒃𝒌𝒑,𝒊
𝝏𝒄𝒊

𝝏𝒕
𝒄𝒊

𝝆

𝟏 𝜺𝒃
𝒄𝒑,𝒊

𝝏𝜺𝒃

𝝏𝒕
𝛁 ∙ 𝑫𝒆,𝒊𝛁𝒄𝒊 𝒖 ∙ 𝛁𝒄𝒊 𝑹𝒊    (10) 

 
Table 2. Intraparticle equations (Eqs. 11-14) 

 
Species i adsorption 

reaction rate 
𝜕𝑞
𝜕𝑡

𝑘 ∙ 𝑞∗ 𝑞  11  

LDF mass transfer 
coefficient 𝑘 𝑘 𝑘  12  

kLDF for pore diffusion 𝑘
15𝐷

𝑑 2⁄

𝜀

𝜀 1 𝜀 𝜌 𝑅𝑇 𝜕𝑞∗ 𝜕𝑝⁄
 13  

kLDF for surface diffusion 𝑘
15𝐷

𝑑 2⁄

𝜌 𝑅𝑇 𝜕𝑞∗ 𝜕𝑝⁄

𝜀 1 𝜀 𝜌 𝑅𝑇 𝜕𝑞∗ 𝜕𝑝⁄
 14  

 
Table 3. Fixed bed model dimensions and process conditions (Reijers et al., 2009a) 

 
Parameter Value Parameter Value 

𝐿 [m] 0.2 𝑑  [m] 3.15e-4 

ℎ [m] 0.02 𝜀  [-] 0.4 
𝑑 [m] 0.016 𝜀  [-] 0.07 

𝑢  [m s-1] 0.0056 𝜌  [kg m-3] 553 
𝑝 [Pa] 101325 𝜌  [kg m-3] 922 
𝑇  [K] 673.15 𝑦  [-] 0.05 

𝐷  [m2 s1] 7.4e-5 𝑦  [-] 0.29 
𝐷  [m2 s-1] 1.2e-6 𝑦  [-] 0.66 
𝐷  [m2 s-1] 1.5e-10 𝑘  [-] 0.1 
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Fig. 2. 3D schematic representation of a monolith reactor with straight square channels (a), 3D representation of a  
single channel (b), 2D geometry used in models (c), channel axial section (d), hollow cylinder with insulated  

external surface (e) (Patton et al., 2004) 
 

Table 4. Structured bed model dimensions and process parameters 
 

Parameter Value Parameter Value 
𝐿 [m] 1 𝜀 [-] 0.57 

𝑑  [m] 0.038 𝜌  [kg m-3] 1848 
𝑑 [m] 0.001 𝛥𝐻  [J mol-1] -65000 

𝑤𝑡 [m] 0.000573 𝛥𝐻  [J mol-1] -50000 

𝑛𝑐 [-] 457 𝐶  [J kg-1 K-1] 1048 
𝐿  [m] 0.25 𝐾 [m2] 1e-12 

𝑄  [SL/min] 20 𝑦  [-] 0.03 
𝑢  [m s-1] 0.029 𝑦  [-] 0.6 

𝑝 [Pa] 25e5 𝑦  [-] 0.13 
𝑇  [K] 673.15 𝑦  [-] 0.21 

𝐷  [m2 s1] 3.85e-6 𝑦  [-] 0.03 
 

 

The vector fields were considered only for 
directions x and y. Mass transport in the bulk was 
solved by using a convection-diffusion equation (Eq. 
16), while mass transport inside the porous domain 
was modeled with a porous media transport equation 
(Eq. 17). Adsorption of CO2 and H2O took into 
account the double-component isotherm (Eqs. (4-5)) 
and was solved by Eq. 18, using a dynamic kLDF, 
considered a sink in the mass transport equation inside 
the porous media (Eq. 17).  

Fluid flow was modeled with the Navier-
Stokes equations for laminar flow in the bulk (Eq. 19), 
which accounted for fluid velocity, fluid pressure, 
fluid density and fluid dynamic viscosity. The term on 
the left-hand side corresponded to momentum 
transferred by convection in free flow, while the term 
on the right-hand side corresponded to pressure and 
viscous forces. The Forchheimer corrected Brinkman 
equations (Eq. 20) were used for flow inside the 
porous domain, which also accounted for the 
permeability of the porous medium, the porosity and a 
friction coefficient Cf (Eq. 21). The term on the left-
hand side represented a contribution associated with 
the   drag   force   experienced   by the fluid flowing  

 

through a porous medium. Additionally, the last term 
on the right-hand side presented the Forchheimer 
correction (Eq. 22) to account for turbulent drag 
contributions to the resistance to flow in the porous 
domain. Boundary conditions are a flat inlet velocity 
at the channel entrance based on the channel area and 
desired flow rate, no slip condition at the walls and a 
pressure condition with suppressed backflow at the 
channel exit. In order to avoid inconsistent boundary 
conditions, an inlet section with assumed symmetry 
prescribing no penetration and vanishing shear 
stresses was added to the geometry.  

Heat transfer in the fluid was modeled by Eq. 
23, while heat transfer in the porous domain was 
calculated with Eq. 24. Due to fluid motion, 
convective and conductive contributions were 
included in the heat transfer equations (Eqs. (23-24)). 
The conductive heat flux, describing gas-solid heat 
transfer, was proportional to the temperature gradient 
(Eq. 25). Heat transfer in porous media had an 
additional term for adsorption related heat source Q 
(Eq. 24). The SEWGS process took place after a SMR 
reactor, followed by a pre-shift process, which can be 
noticed in the inflow gas composition (Table 4). Based 
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on the compositions, the WGS reaction was 
considered negligible. The main focus of the 
simulation was investigating the adsorption process 
and without the WGS reaction, the calculation of a 
stoichiometric breakthrough time to verify adsorption 
was possible. 

Another key difference separating the monolith 
structure from the fixed bed reactor was the LDF mass 
transfer coefficient. A different expression (Eq. 26) 
was used to calculate the mass transfer coefficient k as 
a function the monolith wall thickness w and channel 
width δ. Since the shape of the monolith channels in 
this work was considered square (Fig. 2d), it was 
possible to transform the geometry into an equivalent 
cylinder, such as a hollow cylinder with insulated 
external surface (Fig. 2e), the surface representing 
halfway inside the monolith wall where internal 
loading was zero. The transformation allowed the use  
 

of the LDF approximation for cylinders (Eq. 31) 
(Patton et al., 2004). 

 
3. Results and discussions 
 
3.1. Breakthrough capacities for CO2 and H2O 

 
The adsorption capacities for CO2 and H2O 

have been derived from the breakthrough experiments. 
The data points in Fig. 3 show CO2-H2O mixture 
breakthrough capacities. The lines are drawn based on 
the isotherm developed from the full dataset, 
described earlier in detail in the paper, while the 
diamonds mark experimental data. 

Pure CO2 capacities can be explained by a two-
step adsorption mechanism. Adsorption of up to 0.4 
mol kg-1 is attributed to surface sites, while the rest at 
pressures above 3 bar is due to nanopores. 
 
 

Table 5. Structured bed model equations 
 

Continuity 
𝜕𝜌
𝜕𝑡

∇ ∙ 𝜌𝑢 0 15  

Mass transfer 
in bulk 

𝜕𝑐
𝜕𝑡

∇ ∙ 𝐷 ∇𝑐 𝑢 ∙ ∇𝑐 0 16  

Mass transfer in 
solid 

𝜀 𝜌 𝑘 , ∙
𝜕𝑐
𝜕𝑡

𝑐
𝜌

1 𝜀
∙ 𝑐 ,

𝜕𝜀
𝜕𝑡

∇ ∙ 𝐷 , ∇𝑐  

𝑢 ∙ ∇𝑐 𝑅 ,  
17  

Adsorption rate 𝑅 ,
𝑑𝑞
𝑑𝑡

𝑘 ∙ 𝑞∗ 𝑞  18  

Momentum in 
bulk 𝜌

𝜕𝑢
𝜕𝑡

𝜌 𝑢 ∙ ∇ 𝑢 ∇ ∙ 𝑝𝐼 𝜇 ∇𝑢 ∇𝑢
2
3

𝜇 ∇ ∙ 𝑢 𝐼  19  

Momentum in 
solid 

1
𝜀

𝜌
𝜕𝑢
𝜕𝑡

1
𝜀

𝜌 𝑢 ∙ ∇ 𝑢
1
𝜀

∇ ∙ 𝑝𝐼 𝜇
1
3

∇𝑢 ∇𝑢  

2
3

𝜇
1
𝜀

∇ ∙ 𝑢 𝐼 𝜇𝐾 𝛽 |𝑢|
∇ ∙ 𝜌𝑢

𝜀
𝑢 

20  

Friction 
coefficient 

𝐶
1.75

√150𝜀
 21  

Forchheimer 
coefficient 

𝛽
𝜌𝜀𝐶

√𝐾
 22  

Heat transfer 
in fluids 𝑑 𝜌𝐶

𝜕𝑇
𝜕𝑡

𝑑 𝜌𝐶 𝑢 ∙ ∇𝑇 ∇ ∙ 𝑞 𝑞  23  

Heat transfer in 
solids 𝑑 𝜌 𝐶 ,

𝜕𝑇
𝜕𝑡

𝑑 𝜌 𝐶 , 𝑢 ∙ ∇𝑇 ∇ ∙ 𝑞 𝑑 𝑄 𝑞  24  

Conductive heat 
flux 

𝑞 𝑑 𝑘∇𝑇 25  

 

𝑘                 (26) 

 
where: 
 

𝑘 1 ∙ 𝑟 𝑟               (27) 

 

𝑘
∙

∙ 𝑟 𝑟 𝑟 ∙ 𝑟 𝑟 𝑟 ∙ 𝑟 𝑟        (28) 

 

𝑟                (29) 
 

𝑟 𝑤 𝛿 𝑟                 (30) 

 

𝑘 𝑘 ∙ 𝐷 ∙ ∗⁄
          (31) 
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A similar behavior is seen for pure H2O 

capacities. At pressures below 12 bar, experimental 
data shows the surface contribution around 0.3 mol kg-

1. The one point around 20 bar can be attributed to 
nanopore contribution. Overall, considering the full 
partial pressure range, the trend in steam adsorption 
matches the trend observed by Hatch et al. (2012) and 
supports the idea of a binary adsorption 
mechanism.Error! Reference source not found. 
demonstrates the importance of the sorbent’s 
nanostructure, especially at higher partial pressures. 
An indicator towards this is how the impact of CO2 on 
the capacity of H2O is much stronger than the reverse. 
The larger molar volume of CO2 in comparison to that 
of H2O ensures that the available nanopore volume is 
more strongly taken up by CO2 than by H2O. 

 

 
 

Fig. 3. CO2-H2O breakthrough capacities for CO2 (red 
diamonds) and H2O (blue circles) versus partial pressure, 
predicted pure component capacities (line) and mixture 

capacities (dashed lines). The experimental dataset 
obtained by Boon et al. (2014) was used to plot the 
breakthrough capacities in COMSOL Multiphysics 

 
3.2. Fixed bed reactor model describing CO2 
adsorption 

 
The 1D fixed bed model simulated the 

adsorption of CO2 during SEWGS with process 
conditions shown in Table 3. Fig. 4 presents the 
comparison between the breakthrough curve 
published by Reijers et al. (2009a) and the CFD model 
predicted breakthrough. The CFD model predictions 
were in accordance with expected behavior, as when 
compared to the published data, the breakthrough 
times are within close range, of around 500 s, and the 
breakthrough curves show nearly identical profiles. 
The fixed bed model is considered successfully 
validated. 

 
3.3. Structured bed reactor model describing CO2 and 
H2O adsorption in a single channel 
 

The geometry of the channel used in the 2D 
model, which had a square cross section and a 
rectangular longitudinal section, can be seen in Fig. 2c 
with the addition of an inlet section in order to avoid 
inconsistent boundary conditions. The dimensions and 

process conditions can be found in Table 4. The 
breakthrough curve obtained by the model is presented 
in Fig. 5a and a summary of results in Table 6. 

 

 
 

Fig. 4. CO2 mole fraction at the reactor outlet relative to 
CO2 mole fraction of the feed gas. Black – published by 
Reijers et al. (2009a), line - MATLAB model, symbols - 

analytical solution; Blue – calculated by the CFD model for 
a constant kLDF = 0.1 s-1 

 
The total simulated breakthrough time taken at 

a relative CO2 mole fraction of 0.95 (Fig. 5a) was 150 
s, but the simulation included flow through the inlet 
section where no adsorption took place. Accounting 
for the time needed to travel the 250 mm slip wall 
conditioned inlet section of 8.62 s, the actual CFD 
model predicted breakthrough time was 141.38. Since 
the only sink or source of CO2 was the adsorption 
process, it was possible to verify accuracy of the 
predicted loading amount by calculating the 
stoichiometric breakthrough time: 

 

𝑡∗
𝑞 ∙ 𝑚

𝑄
 32  

 
where, 𝑞  was the loading amount at breakthrough 
for 𝐶 𝐶 0.95⁄  predicted by the CFD simulation 
(Wood, 2002). 

Based on the values of the predicted 
breakthrough time and analytically calculated 
stoichiometric breakthrough time (Table 6), the 
predicted loading amount of CO2 and accuracy of the 
model were verified successfully. 

The laminar profile of CO2 flow in the free flow 
region and the diffusion dominating porous media 
flow can be seen in Fig. 5b. While convective flow is 
present in the porous media, its contribution with 
values of 10-6 m/s was negligible. As a result, diffusion 
dominated porous media flow. 

The CFD model predicted a relative CO2 mole 
fraction at breakthrough of 0.95 instead of an expected 
value of 1. This can be explained by the effects related 
to heat transfer. While breakthrough was achieved, the 
adsorption process was not entirely completed. As the 
CFD model simulated the adsorption process over a 
longer time period (Fig. 6), the relative CO2 mole 
fraction reached a value of 1, at which point the 
adsorbent was completely saturated. 
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The interdependency of all simulated 
phenomena is highlighted in Fig. 7 where surface 
graphs for temperature T K, CO2 loading amount 
qCO2 mol kg-1 and H2O loading amount qH2O mol kg-

1 are represented at different time values. The strong 
impact of heat transfer over the adsorption process can 
also be observed. As the fluid traveled the channel and 
diffused into the porous material, the adsorption of 
CO2 led to a rise in temperature since the adsorption 
process was exothermic. At some point, as adsorption 
took place further into the reactor channel, the 
continuous inflow of fluid at initial temperature 
influenced the system closer to the inlet by cooling it. 
The lower temperature of the adsorbent material 
increased the adsorption capacity and triggered 
additional adsorption of CO2 and desorption of H2O, 
highlighting the competitive nature of adsorption in 
this process.  

These effects are in agreement with predictions 
by the adsorption isotherms (Fig. 3). An isothermal 
model was developed to verify the predictions of the 
CFD model regarding heat transfer effects. The 
breakthrough curve is presented in Fig. 8. The relative 
CO2 mole fraction reached a value of 1 during the 
initial breakthrough because, without heat transfer, no 
additional adsorption is triggered.  

Breakthrough occurred at around 200 s, much 
later when compared to the non-isothermal model. 
Without the temperature increase due to exothermic 
effects, the adsorption capacity was at its highest 
capacity during the entire process, meaning more CO2 
to be adsorbed and a longer time until breakthrough. 
Mass transfer efficiency can be investigated by 
studying the mass transfer zone (MTZ) behavior and 
length. MTZ graphs at different simulation times are 
seen in Fig. 9. 

 

 
 

Fig. 5. CO2 mole fraction at the reactor outlet relative to CO2 mole fraction of the feed gas calculated by 
 the CFD model with a dynamic kLDF (a) and CO2 surface flow profile (b) 

 
Table 6. Structured bed model predictions 

 

Total adsorbent 
mass [kg] 

Breakthrough 
time [s] 

Loading at 
breakthrough 

[kg/mol] 

CO2 molar flow 
rate [mol s-1] 

Stoichiometric 
breakthrough time 

[s] 

Pressure drops 
[Pa] 

0.765 141.38 0.36 0.00195 141.37 17.04 
 

 
 

Fig. 6. CO2 mole fraction at the reactor outlet relative to CO2 mole fraction of the feed gas calculated by the CFD  
model with a dynamic kLDF over a time period of 2000 s 
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Fig. 7. Surface graphs at 30 s simulation time, before H2O breakthrough, for temperature K (a), CO2 loading mol kg-1 (b),  
H2O loading mol kg-1 (c) and at 135 s, before CO2 breakthrough, for temperature K (d), CO2 loading mol kg-1 (e), 

 H2O loading mol kg-1 (f) 
 

 
 

Fig. 8. CO2 mole fraction at the reactor outlet relative to CO2 mole fraction of the feed gas calculated by the  
isothermal CFD model with a dynamic kLDF 

 

 
 

Fig. 9. MTZ behavior before breakthrough (a), at the beginning of breakthrough (b) and near the end of breakthrough (c); 
 Grey area - saturated zone, dark grey area - adsorption zone (MTZ), white area - fresh adsorbent 
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It can be seen that the MTZs at different times 

are relatively short, evidence of high mass transfer 
rates and low mass transfer resistance. The 
breakthrough curve profile (Fig. 5a) can also be used 
for mass transfer assessment. The predicted 
breakthrough curve profile was steep, which is an 
indication of low transfer resistance and a very 
efficient utilization of the adsorbent bed (McCabe et 
al., 2004; Seader et al., 2011). 

 
4. Conclusions 

 
A multi-component competitive isotherm for 

CO2 and H2O was implemented in COMSOL 
Multiphysics and successfully validated using 
experimental data found in literature. The adsorption 
isotherm is composed of a first term that describes 
surface adsorption at lower pressures and a second 
term that reflects nanopore adsorption at higher 
pressures. The interaction seen at higher pressure 
values leads to the assumption of a competitive 
mechanism. 

COMSOL Multiphysics was used to develop a 
1D fixed bed model of adsorption of CO2 in the 
SEWGS process. The model used the multi-
component isotherm and the LDF approximation to 
describe adsorption. The model was successfully 
validated as breakthrough predictions were in 
agreement with predictions available in literature. 

A novel approach to enhance SEWGS 
productivity, by replacing standard packed bed 
reactors with monolithic 3D-printed structures, was 
studied. To that end, a 2D CFD model of CO2 and H2O  

 
adsorption inside a single monolith reactor channel 
during the SEWGS process was developed. The 
developed dynamic model accounted for mass, heat 
and momentum transfer. The mesh density was 
sufficiently increased and error tolerance tightened 
until a favorable trade-off between computation time 
and accuracy of solution was reached. Predictions 
showed that heat transfer had a strong impact over 
adsorption capacity and reinforced the existence of a 
competitive adsorption mechanism highlighted by the 
isotherms. The development of an isothermal model 
confirmed the heat transfer effects. Although 
experimental validation was not possible due to the 
lack of any data available in literature, an analytical 
verification of the predicted loading amount was 
successfully carried out. Based on pressure drop 
values, steepness of the breakthrough curve profile 
and short size of the mass transfer zones, a preliminary 
assessment can be made that a structured bed 
configuration for SEWGS would provide more 
efficient mass transfer than traditional configurations. 

Future work involves model transition from 2D 
to 3D, simulations of different channel geometries to 
study effects on mass transfer, development of a CFD 
fixed bed model for proper comparisons and 
experimental validation. 
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Nomenclature 
 

A nanopore-sorbate interaction parameter, - 
c bulk concentration, mol m-3 
cp adsorbed concentration, mol kg-1 
Cp specific heat capacity, J kg-1 K-1 
d channel diameter, m 
dp particle diameter, m 
dR reactor diameter, m 
Dm molecular diffusion coefficient, m2 s-1 
Dp intraparticle diffusion coefficient, m2 s-1 
Ds surface diffusion coefficient, m2 s-1 
𝐷  
 

surface diffusion coefficient at zero  
coverage, m2 s-1 

E nanopore-sorbate interaction energy, J mol-1 
h bed height, m 
ΔH adsorption enthalpy, J mol-1 
i species index, - 
kLDF LDF intraparticle mass transfer coefficient, s-1 
kp adsorption isotherm, m3 kg-1 
K surface-sorbate interaction parameter, MPa-1 
Km porous material permeability, m2 
L reactor length, m 
Linlet inlet section length, m 
m pore-size distribution parameter, - 
n Freundlich isotherm parameter, - 
nc monolith channels number, - 
p pressure, Pa 
pc critical pressure, Pa 
pf feed pressure, Pa 
p0 saturation pressure, Pa 
qi species excess amount adsorbed,  

mol kg-1 
q* equilibrium amount adsorbed, mol kg-1 
qs maximum (monolayer) amount adsorbed, mol kg-1 
q conductive heat flux, W m-2 
q0 convective heat flux, W m-2 
QV volumetric flow rate, SL min-1 
ri inner radius of hollow cylinder, m 
ro outer radius of hollow cylinder, m 
R gas constant, J mol-1 K-1 
RADS adsorption rate expression, mol m-3 s-1 
t time, s 
t* stoichiometric breakthrough time, s 
T temperature, K 
Tf feed temperature, K 
Tc critical temperature, K 
u velocity, m s-1 
uf feed velocity, m s-1 
V0 limiting nanopore volume per mass of sorbent,  

cm3 kg-1 
w half of total wall thickness, m 
wt wall thickness per channel, m 
y mole fraction, - 
 
Greek  symbols 
q conductive heat flux, W m-2 
q0 convective heat flux, W m-2 
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QV volumetric flow rate, SL min-1 
ri inner radius of hollow cylinder, m 
ro outer radius of hollow cylinder, m 
R gas constant, J mol-1 K-1 
RADS adsorption rate expression, mol m-3 s-1 
t time, s 
t* stoichiometric breakthrough time, s 
 
Abbreviations 
CCS carbon capture and storage 
CFD computational fluid dynamics 
GHG greenhouse gas  
K-HTC potassium promoted hydrotalcite 
LDF linear driving force 
MTZ mass transfer zone 
PSA pressure swing adsorption 
SEWGS sorption-enhanced water-gas shift 
SMR steam methane reforming 
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