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1. INTRODUCTION

Abstract

The development of efficient carbon dioxide sequestration and utilization technologies is an indispensable
aspect of a wide range of measures directed at reducing the negative effects of anthropogenic emissions
on the environment. One route is its capture via physical adsorption and further conversion to methane in
the Sabatier reaction. The sorption process can be carried out in fixed-bed adsorptive reactors, in which
the packing is made up of adsorbent and catalyst particles. Proper structuring of such a hybrid bed can
contribute to increasing the efficiency of both stages of the process. Of importance in this regard is, first of
all, the proper management of heat transfer. This study examines the sorption step of the operation of an
adsorptive reactor for CO; sequestration and methanation using a one-dimensional non-isothermal model
of a layered fixed bed. Numerical calculations for different configurations and different volume adsorbent to
catalyst ratios were carried out to determine how the hybrid structure of the bed and the atypical thermal
waves it induces affect the sorption process. The results obtained prove that proper tailoring of the bed
can be an excellent tool to control the temperature profiles and thus the performance of the apparatus
and possibly its optimization.
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the latter technology is termed CCUS, standing for carbon

The continuous growth of carbon dioxide concentration in
the atmosphere is one of the biggest environmental concerns
contributing to global warming and climate change. It can
be stated that circa 77% of total greenhouse emissions con-
stitutes CO, (Patra et al., 2022). Most of it originates from
anthropogenic emissions caused by the use of fossil fuels, in
refineries, chemical industry and power plants, as well as in
vehicle engines and domestic heating. All this is forcing sci-
entists to conduct intensive research to develop technologies
and processes for carbon dioxide capture, and possibly its
further utilization. Such technologies would allow to reduce
the carbon dioxide concentration in the atmosphere making
it possible to fulfill the plan to limit the global warming tem-
perature to 1.5 °C (Masson-Delmotte et al., 2018). Among
these processes there is especially growing interest in CO;
capture based on post-combustion adsorption (Chao et al.,
2021) and reactive adsorption (Maina et al., 2021), with the
latter methodology in particular likely to be a promising al-
ternative in gas separation. Such processes attract the atten-
tion of researchers mainly because of their flexibility, namely,
adsorption columns can be coupled with existing industrial
facilities that operate under different conditions.

Generally, there are two different options to further manage
the captured CO,: it is possible to store it (then it is re-
ferred to as carbon capture and storage — CCS) or to further
utilize it (carbon capture and utilization — CCU), sometimes

capture utilization and sequestration (Patra et al., 2022).
Carbon dioxide is separated from the flue gases, exhaust
gases or directly from the ambient air through, for exam-
ple, adsorption, absorption or membrane processes, and in
next step the carbon dioxide free gas is released while CO,
can be further utilized, for example, in the synthesis of syn-
thetic fuels. Reutilization of carbon dioxide implies that it
is no longer viewed as waste, but a valuable chemical com-
pound that has been given a “second life" (Styring et al.,
2021). In fact, the separation process can be combined with
a chemical reaction, specifically the reactive regeneration of
a saturated sorbent bed that follows periodically (in the case
of fix-bed columns) the adsorption (sequestration) process.
For example, carbon dioxide can react with gaseous hydro-
gen in a methanation reaction to produce methane (Jo et
al., 2022; Miguel et al., 2017), or it is possible to go further
and convert it into methanol (Hira et al., 2023). Catalytic
hydrogenation of CO, to methane via the Sabatier reaction
can be interfaced with the exploitation of excess renewable
energy converted to hydrogen in electrolysis. Such process in-
tegration falls within the framework of the technologies that
are now being developed intensively named power-to-gas or
more generally power-to-X and aimed at achieving net-zero
emissions (Hira et al., 2023). It also falls within the broad
concept of integration and intensification of chemical pro-
cesses, which represent the core of modern chemical engi-
neering and are among the main instruments towards energy
transition (Moioli, 2022).
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When an adsorptive reactor is chosen for separation of CO»,
in which the sorbent integrated in this case with catalyst
particles is reactively regenerated, the process can be classi-
fied as sorption-enhanced reaction process (SERP). Typically,
this term refers to reactors in which one of the by-products is
selectively removed from the reaction environment by adsorp-
tion, anyhow, in SERP an adsorbent can be also exploited
as a source for reacting species (Agar, 2005), in the case of
Sabatier reaction it is CO,. SERPs are a good alternative to
conventional processes in which separation and reaction take
place in two separate apparatuses.

Turning the focus on carbon dioxide capture by adsorption in
an adsorptive reactor, which is currently receiving a lot of at-
tention in the scientific community, it is apparent that there
are many ways of conducting this process, starting from dif-
ferent reactor types, through different sorbent regeneration
modes (Dhoke et al., 2021), to different modalities of inte-
gration of various types of sorbents, e.g. zeolites or hydrotal-
cite (Choi et al., 2003; Ding and Alpay, 2000), and catalysts,
e.g. nickel, ruthenium (Bremer et al., 2017; Moioli and Ziit-
tel, 2020), within the bed. Among the reactors suitable for
conducting this process, there are fixed-bed, moving-bed and
fluidized-bed reactors. The right contact of the phases is cru-
cial to achieve the best economic results of the process. The
fixed bed is the simplest option, enabling the use of struc-
tured packing, and thus making it possible to optimize the
size of the contact area. The main drawback of this type
of apparatus is the occurrence of high pressure drops and
the cyclic nature of the operation. Alternatively, a moving
or fluidized-bed reactor can be used, which, unlike the fixed
bed version, allows continuous operation. However, the use
of a bed composed of moving particles introduces additional
complexity in the design and operation of the system (Dhoke
et al., 2021).

Given that fixed-bed adsorption columns typically operate
under non-isothermal conditions, due to the exothermic na-
ture of the adsorption process, proper heat transfer man-
agement is necessary. It is well known that when adsorbate
is introduced into the column, a thermal wave is generated
that propagates through the bed. Its shape and advancement
depend principally on the adsorptive, thermal and transport
properties of the system and the gas flow rate (Kaguei et al.,
1989; Martins et al., 2022; Pan and Basmadjian, 1970). This
phenomenon should be taken into account, especially in the
case of a feed with a rather high concentration of adsorbate
(i.e. from a few to over a dozen percent by volume), when
a large amount of gas is adsorbed and therefore a significant
amount of heat is generated, or for adsorbate-adsorbent sys-
tems characterized by relatively high values of isosteric heat
of adsorption. For example, for zeolite-based adsorbents, the
value of the isosteric heat of adsorption of carbon dioxide can
range from about 20 kJ/mol to even more than 50 kJ/mol
(Harlick and Tezel, 2004; Thang et al., 2014). Several ways of
managing the released heat are known, the most well-known
being the in-bed heat exchangers and materials which can
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store a large amount of heat and can be mixed with the ad-
sorbent (Rezaei and Grahn, 2012; Rezaei and Webley, 2009).
Another possible solution for adsorption columns is a lay-
ered bed, where the adsorbent layer (or layers) is followed by
an inert layer (or layers). In the case of adsorptive reactors,
this function is performed by catalyst particles, which can
be sandwiched in layers between the adsorbent particles or
mixed with them. In such a configuration, the inert (catalyst)
acts as a “coolant” as it absorbs the heat released during the
adsorption process from the flowing gas. This configuration
prevents the formation of local hotspots (Hussainy and Agar,
2018), which cause unwanted desorption of the already cap-
tured substance. In adsorptive reactors, instead of a layered
bed or a bed composed of a physical mixture of adsorbent
and catalyst particles, more innovative solutions can be im-
plemented, such as dual-function materials (DFM) contain-
ing both adsorbent and catalyst functionalities (Martins et
al., 2022; Miguel et al., 2017).

It is expected that the appropriate spatial arrangement of var-
jous bed functionalities in the reactor with alternating layers
of adsorbent and catalyst (“sandwich” type bed) can lead to
better heat management and more efficient operation of this
apparatus. However, there are no literature reports in this
regard. Therefore, this study examined the operation of an
adsorptive reactor for CO, sequestration and methanation.
Due to the complexity of the process, the focus at this stage
was on the adsorption step. Numerical studies were carried
out with the use of a one-dimensional non-isothermal model
of a layered bed. The performance of the hybrid fixed bed for
different configurations and different volume ratios of adsor-
bent and catalyst (treated here as inert) was assessed based
on bed breakthrough times and the amount of carbon dioxide
adsorbed within that time.

2. MATHEMATICAL MODEL AND
SOLUTION METHODOLOGY

2.1. Governing equations

The analysis was conducted using a one-dimensional model
of a fixed-bed adsorptive reactor with the bed consisting of
alternating layers of adsorbent and catalyst particles, where
the latter is treated as inert during the adsorption stage. In
addition, for comparative purposes, calculations were per-
formed for a bed consisting of an uniform physical mixture
of adsorbent and catalyst particles (Fig. 1).

In light of previous studies (Al-Janabi et al., 2018; Choi et
al., 2003; Ko et al., 2003; Raghavan and Ruthven, 1984) and
considering the main purpose of this work, the following as-
sumptions were made to formulate the mathematical model
of the hybrid bed:

e the radial variation of concentration and temperature is

negligible,
e the system is assumed to be adiabatic,
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e the gas phase and the bed particles are in local thermal
equilibrium,

e the gas mixture fed to the apparatus at the adsorption
stage contains only CO; and N,

e the inlet concentration of adsorbable component (CO,),
is kept low, and thus the gas velocity is assumed to be
constant throughout the bed,

e the gas follows the ideal gas law, and the pressure drop
is neglected,

e the gas flow is described using the axially dispersed plug
flow model,

e the adsorption equilibrium is described by the Toth
isotherm and the mass transfer rate is described by a lin-
ear driving force (LDF) model,

e physical and transport properties are assumed to be in-
dependent of temperature,

e the energy balance incorporates the so-called effective
thermal conductivity of the bed, which depends on the
thermal conductivities of the gas and the solids, and the
gas velocity.

adsorbent ﬁ ‘ 0 @ catalyst

Figure 1. Scheme of the experimental setup: 1 — air compressor;
2 — pressure regulator; 3 — mass flow controller; 4 —
thermostat; 5, 6, 7, and 8 — scrubbers with VOCs; 9a —
inlet sampling point; 9b — outlet sampling point; 10 —
fixed bed adsorber with the inside diameter of 3.2 cm
(Jurkiewicz et al., 2023)

Both the constant velocity assumption and the omission of
pressure drop are motivated by the conditions adopted in the
calculations and the conclusions of previous work by other
authors. As demonstrated by Al-Janabi et al. (2018) who
studied the effect of velocity variation when modelling CO,
adsorption in fixed beds, it is important to consider veloc-
ity variation when the adsorbate concentration in the feed
is significant. Nevertheless, for the low concentration values
considered in this study, the deviation of the breakthrough
time obtained under the assumption of constant velocity from
that determined using the model taking into account its vari-
ation due to adsorption is of the order of 1% (Al-Janabi et
al., 2018). Also, the pressure drop along the bed, calculated
here from Ergun’s equation for the physical and geometric,
and process parameters values assumed in the numerical sim-
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ulations, does not exceed 1% of the pressure at the inlet.
The assumption that the only component subject to adsorp-
tion is CO, is justified by the findings reported in the Refer-
ence (Shigaki et al., 2020). The authors demonstrated that
due to the much higher adsorption affinity of zeolite 13X
towards CO, than N, the presence of nitrogen in the mix-
ture has no significant effect on the equilibrium amount of
adsorbed carbon dioxide compared to the case of single com-
ponent adsorption.

Given the aforementioned assumptions, the mass balance of
CO, in the gas phase can be written as follows:

OC a2C
(£t.adsfads + Et,catfeat) % _ szaxﬁ
6Cco, 9qco,
B - a sfa s 1
“ aX pb' ds'ad 6t ( )

with the mass transfer in the solid phase described by the
linear driving force (LDF) model:

dqco *
ot t =k (Clco2 - qCOQ) (2)
where:
15D, €p Dk -Dp,
k= d D.,=-£ 3
2 N e T Dk + Dy ()

In Eq. (1) figs and fie = 1 — fags denote, respectively,
the volume fraction of adsorbent and catalyst particles be-
ing functions of longitudinal coordinate in the reactor, x.
The symbol ¢; denotes the total voidage of the bed ac-
counting both for inter-particle voids and particle pores, i.e.

(1-e) = (1- )1 &),

The equilibrium concentration, g¢,, in the solid phase was
described by the Toth isotherm for zeolite 13X (Wang and
LeVan, 2009):

apco, 4
[1+ (bpco,)”] YT @

x
qC02 -

where:
E E c
a—aoexp(T>, b—boexp<T> and 'r:’ro+? (5)

The axial dispersion coefficient, D,,, was calculated using
the following expression proposed by Wakao and Funazkri
(1978):

D
D, = S—m (20 + 0.5S5c Re,,) (6)
b

The viscosity of the gas mixture was calculated using Wilke's
formula (Poling et al., 2001). Given the binary nature of the
mixture and ideal gas conditions, the molecular diffusion co-
efficient, D,,,, was determined from the formula proposed in-
dependently by Chapman and Enskog (Poling et al., 2001).
The effective diffusion coefficient, D, defined in Eq. (3) ac-
counts both for molecular and Knudsen diffusion, with the
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coefficient of the latter calculated using a classical formula
that originates from the kinetic theory of gases (Do, 1998).

The energy balance for the gas and solid phases inside the
column is expressed by the following equation:

[ (Et,ads fads + €t cat f;:at) pg Cg
oT
+ pb,adsfads (Cs,ads + Cads) + pb,catfcatcs,cat] AL

ot

0T oT 0
= Kaxﬁ - UPgCgan + Pb,adsf;xds (_AHads) C(;Ct02 (7)

For the sake of simplicity, constant average values of p, and
cg were adopted in the calculations. The same applies to
the adsorbed phase heat capacity, c,4s, and the enthalpy
of adsorption, AH,gs, with the latter determined using the
Clausius—Clapeyron equation (Do, 1998):

Lﬂ <apC02 >
pco, \ OT
9co,

" T11/7
[a™ — (qC02 b)']

The effective thermal conductivity, K, was calculated using
the formula accounting for solid, stagnant (film) and flowing
gas contributions (Kunii and Smith, 1960; Yagi et al., 1960):

—AH,gs = where

"
dco,

pco, =

Kax = K, 4+ AgaPr Re, (9)
where:
B(1l —es)
Ky = Ngeb+ Ag——
e g=b & e+ /K
S (10)
k=-— and a=05
Ag
and: 0.260
_ _ ) T Y
for 0.260 < g, < 0.476
2
1 (K_l) sin? 0; 5
K
Y= 2 k—1 T3k (12)
In[k—(k—1) cosaj]—T (1 —cos¥))
forj=1,2,

sin® §; = ni where n =15 and m=4v3 (13)
j

The thermal conductivity of gas mixture appearing in Eq. (9)
and (10) was determined by means of Wassiljewa equation
(Poling et al., 2001). Values nj, j = 1,2, in Eq. (13) represent
a number of contact points on a semi-spherical surface of one
solid particle within the bed, with ny and ny, referring to loose
(ep = 0.476) and close packing (g5 = 0.260), respectively.

To solve the system of partial differential equations describ-
ing the dynamics of the bed (Eq. (1) and Eq. (7)) coupled
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with the LDF model (Eq. (2)), the model equations have to
be supplemented with boundary and initial conditions. The
boundary conditions for the adsorption step are defined here
as follows:

aCCOz
Ox

0Cco,
Ox

oT

—Kaxa = Ungg (Tf — T) at
T

or _ 0

ol

—Dax - (Cf.co, — Cco,) at x=0 and
* (14)

=0 at x=1L

x=0 and
(15)
at x=1L

while the initial conditions, assuming that the bed is initially
filled with inert gas, are:

CCOz(Xv 0) = qCOz(Xv O) =0,

(16)
T(x,0)=Tp for 0<x<L

2.2. Model parameters and numerical methods
employed

The model equations (Egs. (1)—(2) and Eq. (7)) with asso-
ciated boundary (Egs. (14)—(15)) and initial (Eq. (16)) con-
ditions were solved numerically using the method of lines,
which consists in approximating the spatial derivatives using
finite differences, followed by integrating in time the result-
ing semi-discrete system of ordinary differential equations.
Particularly, in this study the spatial domain was discretized
using N = 251 equidistant nodes. Given the variable proper-
ties of the layered bed and the presence of the source term
in the model equations only when f,4s(x), i.e. the volume
fraction of adsorbent particles in the bed, is non-zero, the
selection of 251 grid nodes was preceded by a convergence
analysis. Moreover, to avoid discontinuities in bed proper-
ties when sandwiching adsorbent and catalyst, and in effect
numerical challenges, f,4s(x) was described by the following
combination of double sigmoid functions:

M/2-1 1
f. =1-
ads(X) ; 1+ exp[—A(x — x2i-1)]

_ 1 - 1
L+ep[Alx —xi)] 1+ exp[-A(x — xum-1)]

(17)

where M is the total number of adsorbent and catalyst layers,
and the symbols x; represent the location coordinates of the
endpoints of successive layers. Thus, for instance, for a bed
with a length of L = 1 m, consisting of M = 4 layers and
characterized by a ratio (by volume) of adsorbent to catalyst,
ads:cat, equal to 2:1, one has: x; = 0.333, x, = 0.5 and x3 =
0.833 (Fig. 2a). In all simulations, the value of the sigmoid
slope, A, appearing in Eq. (17) was assumed to be 1000.

The system of ordinary differential equations resulting from
the model discretization was solved in Matlab software using

https://journals.pan.pl/cpe
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Figure 2. Distributions of adsorbent, fas(x), and catalyst, fat(x), fractions for M = 4 and ads:cat = 2:1 (a), and adsorption
equilibrium isotherms of CO; on zeolite 13X at different temperatures (b) calculated following Reference

(Wang and LeVan, 2009).

the ode23tb solver for stiff differential equations which com-
bines an implicit Runge-Kutta formula with a trapezoidal
rule step and a backward differentiation formula. Simula-
tions were conducted until the bed breakthrough time, tp,
defined here as the instant at which yc02,out/yc02,in = 0.01.
To assess the performance of the adsorption process for dif-
ferent bed structures, for each case analyzed, the average
solid phase concentration of carbon dioxide corresponding
to the breakthrough time was calculated using the following
formula:

1

L
Qco = 7 / dco, (x, t) dx (18)
0

As anticipated in the previous section, simulation studies
were carried out for a fixed bed consisting of alternating layers
of adsorbent and catalyst particles (treated as inert during
adsorption) and for a bed consisting of a uniform physical
mixture of both types of particles. In the first case, calcula-
tions were made for the bed composed of M = 2, 4, 6, 8
and 10 total layers. For both sandwich-like arrangement and
physical mixture of particles the volume ratio of adsorbent
to catalyst particles, ads:cat, was varied from 2:1 to 6:1.

The main parameter values employed in the numerical sim-
ulations are given in Table 1. Particularly, the parameters of
Toth's model (Egs. (4) and (5)) were adapted from the work
of Wang and LeVan (2009), who experimentally studied the
adsorption of carbon dioxide and water vapor on zeolites 13X
and 5A. The resulting adsorption isotherms of CO; on zeolite
13X employed in this study are shown in Fig. 2b. The physical
parameters of the catalyst, treated as inert in the adsorption
step, represent nickel catalyst (Bremer et al., 2017).

3. RESULTS AND DISCUSSION

3.1. Evaluation of the global performance
of the hybrid fixed bed

The impact of process parameters and bed structure on the
global efficiency of the adsorption process in the hybrid bed
was analyzed in the first step. Figure 3 shows the results of
numerical simulations, reported here globally in terms of the
breakthrough time, t, (Fig. 3a), and the average concentra-
tion of carbon dioxide in the solid phase, Qco, (Fig. 3b),

Table 1. Values of key parameters used in the simulations.

Parameter Value Parameter Value Parameter Value
Cs ads 1100 J/(kg-K) &b 0.45 Tp 3
Corcat 1107 J/(kg-K) €p,ads 0.54 ao 6.509 - 10~2 mol/(kg-kPa)
dp 2-103m Ep,cat 0.6 bo 4.884-107* 1/kPa
L 1m Pp.ads 1085 kg/m? € 3.805- 10 K
p 101325 Pa Pp.cat 2355 kg/m? E 2.991-10° K
To=Tr 300 K As,ads 0.15 W/(m-K) To 7.487-1072
YCOin 0.05 As,cat 0.84 W/(m-K) —AHaas 3.898 - 10* J/mol

https://journals.pan.pl/cpe
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Figure 3. Breakthrough time, t, (a) and corresponding values of average concentration of CO; in the solid phase, Qco, (b) obtained

for ads:cat = 2:1.

at the breakthrough determined from Eq. (18), obtained for
different number of adsorbent and catalyst layers and for
several values of superficial gas velocity, with a fixed value
of adsorbent to catalyst ratio assumed to be 2:1. The last
symbols (on the right) in both plots refer to the situation
in which the bed is made of an uniform physical mixture of
adsorbent and catalyst particles. Given the one-dimensional
nature of the model, such intimate integration of two func-
tionalities — sorptive and catalytic — in a hybrid reactor can
also be interpreted as an infinite number of layers of par-
ticles, i.,e. M — o00. On the other hand, a bed comprising
two layers (M = 2), i.e. one layer of adsorbent and a sub-
sequent layer of catalyst, is basically a classic design of an
adsorption column, except that the outlet zone contains an
inert material with respect to adsorption process. The pres-
ence of this additional zone affects the residence time of the
gas in the column (but not in the adsorbent itself) and the
temperature of the gas at the outlet of the bed. As can be
observed in Fig. 3, increasing the number of zones from 2
to 4, and then to 6, clearly improves the performance of the
hybrid fixed bed both in terms of bed breakthrough time and
the amount of CO, adsorbed by the time of breakthrough.
Further increasing the number of zones leads to the reduc-
tion of the process performance, and at the same time is not
justified in terms of process design or operation. An option
when conducting cyclic adsorption and reactive regeneration
processes is to supply or withdraw different amounts of heat
to different zones or to keep selected sections of the appa-
ratus under adiabatic conditions (Hussainy and Agar, 2016).
This concept is technically more difficult to implement the
higher the number of zones, the same applies, for example,
to the replacement of part of the bed material.

Considering that the methanation process, which potentially
might be carried out in the analyzed hybrid bed as the second
step of the adsorption-reaction cycle, is highly exothermic
and according to numerous studies the ideal Hy:CO, mo-
lar ratio for the Sabatier is 4:1 (Schmider et al., 2021), in
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the next step, the effect of the adsorbent to catalyst ratio,
ads:cat, onto tp and Qco, was analyzed. It should be recalled
here that in the case of CO, sequestration and subsequent
methanation process, the adsorbent plays the role of a mass
source of one of the reactants at the stage of the chemical
reaction. For this kind of process, the highly exothermic na-
ture of the reaction, combined with an improper choice of
the ratio of adsorbent to catalyst, can cause excessive heat-
up of the sorption zone, which may transfer into too rapid
release of the adsorbed substance from solid (Jarczewski et
al., 2022). This can result in a deficiency of the second re-
actant supplied in the gas stream (in case of methanation
H,), and therefore incomplete conversion of the reactant be-
ing desorbed (here CO,). The selection of an optimal bed
structure is therefore a complex multicriteria optimization
problem, which ultimately should be analyzed for the entire
process cycle. Nevertheless, it is also worthwhile to analyze
how the ratio of the shares of the various functionalities in the
bed affects the operation of the hybrid fixed bed already dur-
ing the first step of the process. The results of such numer-
ical simulations performed for M =4, M =6 and M — oo
(i.e. for uniform mixture of particles) and different values of
ads:cat are presented in Fig. 4.

It can be observed that in all cases evaluated via numeri-
cal simulations, the bed consisting of 6 layers performs best
again. For all bed arrangements, increasing the ratio of adsor-
bent to catalyst, naturally yields an extension of the break-
through time (Fig. 4a) and an increase in the average value
of the concentration of CO, adsorbed in the bed at the time
of breakthrough (Fig. 4b). However, this gain is noticeably
weaker for higher values of this ratio, that is starting from
ads:cat = 3:1. An increase in this ratio enhances the amount
of heat released in the bed during adsorption, and thus con-
tributes to an increase in bed temperature. For example, for
a mixed arrangement, the average temperature of the bed
at the time of breakthrough equals 317.26 K and 331.56 K,
respectively, for ads:cat = 1:1 and ads:cat = 6:1. Isotherms

https://journals.pan.pl/cpe
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Figure 4. Breakthrough time, t, (a) and corresponding values of average concentration of CO, in the solid phase, Qco, (b) obtained

for u=0.2 m/s.

of CO; adsorption on zeolite 13X (Fig. 2b) indicate that for
the adopted process conditions and under equilibrium con-
ditions, even such a small increase in temperature already
reduces the sorption capacity by about 25%.

3.2. Assessment of the effect of thermal waves
on the adsorption process

To provide an explanation of the trends described in the pre-
vious subsection and of the impact of temperature distribu-
tions in hybrid beds and, in particular, the thermal waves
forming within the bed, on the adsorption process, repre-
sentative temperature and CO, concentration profiles in the
solid phase are shown in Figs. 5 and 6. Figure 5 compares the
results obtained for an apparatus in which the bed consists
of a uniform mixture of particles (Figs. 5a and 5c) and the
bed consisting of two layers of adsorbent and two layers of
catalyst (Figs. 5b and 5d). In the case of physical mixture of
adsorbent and catalyst, which can be viewed as an adsorp-
tion column with a diluted bed of adsorbent, one can observe
classical temperature waves forming and traveling through
the bed (Fig. 5a), with the middle zone attaining constant
temperature (Pan and Basmadjian, 1967). The wave shape
is directly reflected in the adsorbate concentration patterns
in the bed (Fig. 5c). Such dilution of the bed by the addi-
tion of catalyst (or inert) acts here locally, in the immediate
vicinity of the sorbent particles. For layered arrangement of
different functionalities, the catalyst sandwiched between the
adsorbent (Fig. 2a) also acts as a heat sink. However, in this
case the cooling effect is concentrated in the sections of the
column filled with catalyst (inert) and is the source of the
formation of characteristic temperature waves with multiple
temperature extremes (Fig. 5b).

The uniform mixture of particles results to be superior to
the 4-layer bed in terms of breakthrough time and av-
erage concentration of CO, adsorbed until breakthrough

https://journals.pan.pl/cpe

(tp = 1341.6 s and Qco, = 0.916 mol/kg obtained for M =
4 versus t, = 1406.4 s and Qco, = 0.9578 mol/kg obtained
for M — o0). However, as previously observed (Fig. 3), in-
creasing the number of layers to 6, makes the sectional rather
than local heat removal from the flowing gas become more
effective. This is connected with the fact that for M = 6
(tp = 1486.1 s and Qco, = 1.014 mol/kg) non-monotonic
concentration distributions of adsorbate in the solid phase are
developed along the bed (Fig. 6b). Relatively low solid phase
concentration of CO; at breakthrough obtained for M = 6 in
the first portion of the second adsorbent layer (dashed line,
in correspondence to x = 0.33 m in Fig. 6b) is associated
with the first peak of the temperature profile (Fig. 6a). The
catalyst layers sandwiched between the adsorbent in the ini-
tial phase of the adsorption cycle bring about a significant
cooling of the gas before entering the next sorbent layer.
The traveling of such thermal waves over time causes that,
for instance for M = 6, at the inlet of the second zone and
in the correspondence of the breakthrough time there are
much higher temperatures than at its center (dashed line in
Fig. 6a, values of T in correspondence of x = 0.33 m and
e.g. x =0.5).

3.3. Analysis of the impact of effective thermal
conductivity on the adsorption process

The observations made in the previous section suggest that
another important element in the analysis of the performance
of layered beds is the mechanism of heat transport. There-
fore, considering additionally discrepancies as large as one
order of magnitude in various correlations for calculating ef-
fective axial conductivity (Diaz-Heras et al., 2020), the final
step of this study involved analyzing the effect of K, on the
evolution of bed temperature and gas and solid phase CO,
concentration. Nevertheless, it must be emphasized here that
the choice for the calculation of the correlation authored by
Kunii and Smith (1960) was motivated by the fact that for
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Figure 5. Temperature profiles along the fixed bed composed of a uniform physical mixture of particles (a) and along layered bed (b),

and corresponding values of solid phase concentration of CO»: bed made of physical mixture of particles (c) and layered bed
with M = 4 (d) obtained for ads:cat = 2:1 and v = 0.2 m/s.
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Figure 6. Temperature profiles along the layered bed (a) and corresponding values of solid phase concentration of CO, (b)
corresponding to t, and obtained for ads:cat = 2:1 and v = 0.2 m/s.

the values of parameter k which was of the order of 10, this
correlation provides the values of effective thermal conduc-
tivity consistent with experimental results (van Antwerpen et

al., 2010).
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Figure 7 shows the temperature profiles along the bed at
breakthrough time and the corresponding solid phase con-
centration of carbon dioxide profiles determined for M = 6.

These results were obtained by determining the effective ax-
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Figure 7. Temperature profiles along the layered bed with M = 6 (a) and corresponding values of solid phase concentration of
CO; (b) corresponding to t, and obtained for ads:cat = 2:1 and u = 0.2 m/s. Solid line — solution determined with Kax
calculated according to Eq. (9), dashed line — solution determined with neglected static effective thermal conductivity, K2,,
dotted line — solution determined with K, increased by factor 10.

ial thermal conductivity of the bed, respectively: (a) using
formula given by Eq. (9); (b) neglecting the static effec-
tive axial thermal conductivity in this formula, i.e. assum-
ing that K, = 0; (c) multiplying the static effective ax-
ial conductivity by a factor of 10. It can be observed in
Fig. 7 that neglecting the static effective axial conductiv-
ity has very little quantitative and qualitative effect on the
temperature and concentration distributions. However, mul-
tiplying the originally determined from Eq. (10) value of
K9, by 10, which corresponds to reduction of the charac-
teristic time of conduction by factor 10, clearly affects the
temperature and CO, concentration distributions along the
column. Despite significantly lower maximum temperatures
(Fig. 7a), the higher value of the effective axial thermal con-
ductivity unfavorably affects the concentration of adsorbate
in the sorbent (Fig. 7b). Lower temperature gradients in the
vicinity of peaks located around the boundary of the catalyst
and adsorbent layers contribute to higher average tempera-

ture values of the initial parts of successive adsorbent layers.
These results confirm that the correct prediction of the ad-
sorption process behavior requires the careful selection of ex-
perimental correlation for determination of K, (Diaz-Heras
et al., 2020). Moreover, they indicate that thermal conduc-
tivity of the material constituting the heat sink in a hybrid
bed might be an additional optimization (design) variable of
the system. While the thermal conductivity of the catalyst
can not be arbitrarily chosen and is rather high for nickel
or ruthenium catalysts, one way to reduce the contribution
of conductive heat transport could be to dilute the catalytic
zone using a material characterized by lower thermal con-
ductivity.

The phenomenon described above is analogous to the effect
of dispersion on the adsorption process, which is reflected in
the bed breakthrough curves reported in Fig. 8a. The higher
the value of KO and thus K,,, the lower the bed break-
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Figure 8. Temporal evolution of yco,,0ut/Yco,,in for the layered bed with M = 6 (a) and representative temperature profiles along the

bed for K.« calculated according to Eq. (9) (b) obtained for ads:cat = 2:1 and u = 0.2 m/s.
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through time. The somewhat atypical shape of the break-
through curves (i.e. a rather rapid increase in the concen-
tration ratio from a value corresponding to the break point
to about 0.6, followed by a very slow increase in this ratio
toward a value corresponding to the exhaustion of the bed)
is the result of simultaneous adsorption and desorption phe-
nomena taking place in the hybrid bed, and resulting from
the oscillatory nature of the thermal waves. Figure 8b illus-
trates the solid phase concentration of CO, along the bed
obtained for the case in which K, was not modified (i.e.
value calculated based on Eq. (9)) and plotted for time in-
stants in the neighborhood of the breakthrough time (for the
case considered here t, = 1486.1 s). The behavior of the
profiles over time in the second and third adsorbent layers
indicates that shortly before the bed breakthrough, the ad-
sorbate concentration begins to decrease at the entrance to
these zones i.e. desorption begins to occur here. This is due
to the non-monotonic temperature wave traveling through
the column. At the same time, in the downstream parts of
the adsorbent layers, where temperatures are still relatively
low (Fig. 7b), re-adsorption occurs. The occurrence of the
competitive phenomenon of desorption and adsorption im-
plies that the bed saturation time after the breakthrough is
expected to be significantly longer for a layered bed than for
a conventional bed.

4. CONCLUSIONS

A mathematical model of a non-isothermal, layered fixed-bed
for carbon dioxide capture was developed and solved numer-
ically to demonstrate the possibility of manipulating process
performance by structuring the bed. The performance of the
hybrid bed, assessed in terms of breakthrough time and aver-
age concentration of carbon dioxide in the solid phase corre-
sponding to the breakthrough time, was assessed for different
numbers of layers and adsorbent to catalyst ratios. The re-
sults obtained for the layered bed were then compared with
those obtained for a column packed with a uniform mixture
of adsorbent and catalyst particles, considered as inert for
the adsorption process examined here exclusively.

In general, a baseline 2-layer bed (one layer for the adsor-
bent and one for the catalyst) can be regarded as a classical
adsorption column, with an additional exit zone being inert
with respect to the adsorption process. The results obtained
for a larger number of zones confirm that such multilayer
systems outperform the baseline, with the best performance
observed for M = 6. Nevertheless, continued increase in the
number of layers (M > 6) did not further improve the process
performance, as both the breakthrough time and the aver-
age concentration of adsorbed CO, tended to decline again.
Anyhow, despite this deterioration in performance as M in-
creased, both the multilayer and the physical mixture of the
two types of particles (i.e. M — oc0) still proved to be better
than the baseline 2-layer hybrid bed.
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Particular attention was paid in the study to temperature dis-
tributions along the bed and how they affect CO, concentra-
tion profiles and breakthrough times. It is worth mentioning
here the formation of atypical thermal waves with multiple
temperature extremes, resulting from the presence of a cat-
alyst acting as a heat sink in the hybrid layered bed. They
differ significantly from the thermal waves arising in a bed
packed with a physical mixture of adsorbent and catalyst
or a classical adsorption column, and can induce a complex
process of desorption and re-adsorption in the bed.

The results suggest that proper tailoring of the bed might
be an excellent tool for controlling temperature profiles and,
consequently, the performance of the apparatus and thus its
optimization. It is expected that an appropriate bed struc-
ture will also allow to control temperature profiles along the
bed, and thus CO, desorption, at the following methanation
stage, where management of the heat needed to desorb CO,
from the solid and that released by exothermic reaction of its
hydrogenation to methane is also essential. Due to the cyclic
nature of the entire process, the complexity of the involved
phenomena, as well as different goals — both of a technolog-
ical, energetic and economic nature — the optimization prob-
lem should be approached using multicriteria optimization
tools, such as Pareto analysis. These aspects are the subject
of current and future research, and they will be further ex-
tended to the two-dimensional model of the bed in order to
account for radial mass and heat transport phenomena.
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SYMBOLS

a, ag  parameters of the Toth isotherm (Eq. (4) and (5)),
mol/(kg-kPa)

A slope of the sigmoid (Eq. (17)), —

b, by  parameters of the Toth isotherm (Eq. (4) and (5)), 1/kPa

c parameter of the Toth model (Eq. (4) and (5)), K

Cads heat capacity of the adsorbate phase, J/(kg-K)

Cg heat capacity of the gas, J/(kg-K)

Cs heat capacity of the solid, J/(kg-K)

Crco, molar gas phase concentration of COzin the feed, mol/m?

Cco, molar gas phase concentration of CO,, mol/m?

D.x axial dispersion coefficient, mz/s

D. effective diffusivity, m2/s

Dk Knudsen diffusivity, mz/s

Dm molecular diffusivity, m?/s

E parameter of the Toth isotherm (Eq. (4) and (5)), K
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fads
f;at
AH,4s
k

Kax

0
Kax

~

n;

Pco,

qco,
*

dco,

Qco,

volume fraction of adsorbent particles in the bed, —
volume fraction of catalyst particles in the bed, —
isosteric enthalpy of adsorption of CO2, J/mol

LDF mass transfer coefficient, 1/s

effective axial thermal conductivity of the packed bed,
W/(m-K)

static effective thermal conductivity of the packed bed,
W/(m-K)

length of the bed, m

total number of adsorbent and catalyst particles layers
in the column, —

number of contact points on a semispherical surface of
one solid particle (Eq. (13)), —

number of discretization nodes, —

total pressure, Pa

partial pressure of CO2 (Egs. (4) and (8)), kPa

solid phase concentration of CO», mol/kg

equilibrium solid phase concentration of CO2, mol/kg
average solid phase concentration of CO, within the bed
corresponding to breakthrough time, mol/kg

particle radius, m

universal gas constant, J/(mol-K)

time, s

breakthrough time, s

temperature, K

initial temperature of the bed, K

feed gas temperature, K

superficial gas velocity, m/s

molar fraction of component i, —

longitudinal coordinate in the reactor, ;m

Greek symbols

¥ parameter of the experimental correlation (Eq. (10)-
(12)) for determination of the static effective thermal
conductivity of the packed bed, —

£b voidage of the bed, —

£p particle porosity, —

£t total voidage of the bed, —

0 angle corresponding to gas film near one contact point
points between particles within the bed (Eq. (12)), ra-
dians

K thermal conductivity ratio, —

Ag gas phase thermal conductivity, W/(m-K)

As solid phase thermal conductivity, W/(m-K)

Ob bulk density of the bed, kg/m?

Pg gas density, kg/m?

T, To parameters of the Toth isotherm (Egs. (4) and (5)), —

Tp tortuosity factor, —

¥, P+ parameters of the experimental correlation (Egs. (10)-
(12)) for determination of the static effective thermal
conductivity of the packed bed, —

Subscripts

ads adsorbent or adsorbate

cat catalyst

in inlet

out outlet
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