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Abstract 
Reforming of fossil fuels coupled with carbon capture and storage has the potential to produce low-carbon  H2 at large scale 
and low cost. Adsorption is a potentially promising technology for two key separation tasks in this process:  H2 purifica-
tion and  CO2 capture. In this work, we present equilibrium adsorption data of  H2 and  CH4 on zeolite 13X, in addition to 
the already established  CO2 isotherms. Further, we carry out binary  (CO2–CH4) and ternary  (H2–CO2–CH4) breakthrough 
experiments at various pressures and temperatures to estimate transport parameters, assess the predictive capacity of our 
1D column model, and compare different multi-component adsorption models.  CO2 adsorbs strongly on zeolite 13X,  CH4 
adsorbs less, and  H2 adsorbs very little. Thus,  H2 breaks through first,  CH4 second (first in the binary breakthrough experi-
ments) and  CO2 last. Linear driving force (LDF) mass transfer coefficients are estimated based on a single breakthrough 
experiment and mass transfer is found to be fast for  H2, slower for  CH4, and slowest for  CO2. The LDF parameters can be 
used in a predictive manner for breakthrough experiments at varying pressures, temperatures, flows, and, though with lower 
accuracy, even compositions. Heat transfer inside the column is described well with a literature correlation, thus yielding an 
excellent agreement between simulated and measured column temperatures. Ideal and real adsorbed solution theories (IAST 
and RAST, respectively) both model the observed breakthrough composition profiles well, whereas extended isotherms 
are inferior for predicting the competitive behavior between  CH4 and  CO2 adsorption. This study provides the groundwork 
necessary for full cyclic experiments and their simulation.
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1 Introduction

As climate change is becoming an increasingly pressing 
issue, hydrogen as clean, versatile, and carbon free energy 
carrier is receiving growing attention in politics, industry 
and the scientific community [10, 15, 16]. It can be used as 
feedstock, carbon-free fuel or energy carrier across a variety 
of sectors including industry, power generation, heating, and 
transportation [16].

Water electrolysis using renewable energy can produce  H2 
with little associated  CO2 emissions. However, challenges 
like a high capital cost and limited availability of cheap, 
renewable energy so far hindered large-scale deployment 
[16, 36, 40]. Currently, only about 1% of  H2 is produced 
from water electrolysis, whereas the vast majority is pro-
duced from fossil fuels. Reforming of natural gas (mainly 
steam methane reforming, SMR), accounts for about three-
quarters of dedicated  H2 production, coal gasification for 
23% [16]. Fossil fuel based production, however, results in 
 H2 with high associated  CO2 emissions.

Coupling fossil fuel based  H2 production with carbon 
capture and storage (CCS) is a feasible and logical option 
to deliver carbon neutral  H2 at a large scale in the near 
future [18, 40, 47]. This approach is interesting not only 
as a bridging technology until  H2 from water electrolysis 
becomes cheaper and renewable energy can be generated at 
a large enough scale and low cost, but will likely remain the 
more cost-competitive option in many places like Europe or 
Japan [16]. In addition, replacing the fossil fuel source with 
renewable fuels like biomass or biogas can enable negative 
emissions [1, 45].

A variety of options like cryogenic separation, absorp-
tion, membranes or adsorption, are discussed and even 
tested at pilot scale for coupling fossil- or biofuel based 
hydrogen production with CCS, but they typically require 
the addition of a dedicated  CO2 separation stage [11, 17, 
18, 47].  CO2 can be captured from the reformer flue gas; 
after reformer and water-gas shift reactor, but before enter-
ing the  H2 purification through pressure swing adsorption 
(PSA) [32]; or from the  H2-PSA tail-gas. As an alternative, 
we target the integration of  H2 purification and carbon cap-
ture into a single, adsorption based unit thus reducing the 
number of required separation stages from two  (H2-PSA 
and  CO2 capture) to one, thereby likely also reducing capi-
tal cost and process complexity.

Such combined processes were introduced in the litera-
ture with the Gemini process developed by Air Products 
and Chemicals Inc. [21, 33, 38]. The Gemini process is 
an adsorption process with two trains of in total 8 or 9 

columns, that are interconnected during part of the cycle, 
but undergo a completely different sequence of steps for 
regeneration. The process requires both a vacuum pump 
and a compressor to compress a  CO2 rich stream back 
to feed pressure. Recently, [31] developed an adsorption 
process for co-purification of  CO2 and  H2 in an integrated 
gasification combined cycle plant (IGCC). Only part of the 
hydrogen in the inlet, however, can be separated as high 
purity product, whereas a big part is used at lower purity 
in the gas turbine.

We have recently developed different vacuum pressure 
swing adsorption (VPSA) cycles, that overcome the short-
comings of both Gemini 8/9 and [31]’s one-train process 
[42, 43]. The VPSA process requires a single train only, 
needs no re-compression, but only a vacuum pump, and 
allows for the co-purification of both products at high 
recovery: over 90% of the  H2 can be separated at high 
purity sufficient for industrial application (99.9% purity, 
[47]) or even fuel cells (99.97% purity, [19, 47]) whilst 
 CO2 is co-produced at over 90% recovery and 96% purity, 
thus reaching the target typically set for CCS applications 
[26, 46].

So far, our studies were based on modeling and optimiza-
tion only. In this two-part series, we present the complemen-
tary experimental studies to

– validate the column model for the operating conditions 
of interest,

– assess its predictive capacity,
– estimate important model parameters like transport coef-

ficients based on experimental data,
– establish a suitable model for multi-component adsorp-

tion,
– demonstrate the technology at small-scale to pave the 

way towards a rapid advancement in technology readi-
ness level.

In this first part of the series, we present isotherm measure-
ments and binary  (CO2–CH4) and ternary  (CO2–CH4–H2) 
breakthrough studies at various pressures, temperatures and 
flows. Commercial zeolite 13X was chosen as adsorbent due 
to its good performance in modeling studies [42, 43], low 
cost and easy availability. We use one reference experi-
ment to estimate mass transfer parameters and assess the 
validity of the correlation used to model heat transfer. The 
predictive capacity of the model is assessed by comparing 
experimental and simulation results at different pressures, 
temperatures, flows, and compositions using the transport 
parameters estimated based on the reference breakthrough 



543Adsorption (2021) 27:541–558 

1 3

experiment in combination with the predictive correlation 
for heat transfer. Different approaches for describing multi-
component adsorption are compared including extended iso-
therms, ideal adsorbed solution theory, and real adsorbed 
solution theory. The isotherms and transport parameters 
established in this part will then be used to model the cyclic 
VPSA process studied in the second part of the series [43].

2  Experimental

2.1  Materials

For all experiments, pelleted zeolite 13X (Zeochem, Swit-
zerland) was used with a particle size between 1.6 to 2 mm. 
The material properties are summarized in Table 1.

Pure gases  (H2, 5.0; He, 4.6;  CH4, 5.5) and gas mixtures 
(binary:  CO2:CH4 = 50:50 mol%; ternary:  CO2:CH4:H2 = 
20:5:75 mol%) were obtained from Pangas (Switzerland). The 
binary mix has a relative error of 1% on both components, the 
other mix has a relative error of 2% on  CH4 and 1% on  CO2.

2.2  Experimental methods

2.2.1  Isotherm measurements

Adsorption isotherms were measured for  CH4 and  H2 at 25 
°C, 45 °C,and 65 °C and pressures up to 30 bar using a 
Rubotherm magnetic suspension balance (MSB). A dual 
sinker configuration allows for the simultaneous measure-
ment of the mass change of the sample during adsorption 
and of the bulk density. The procedure was as follows: 

1. Sample regeneration for at least 4 h at 400 °C under 
vacuum;

2. Volume measurement using He (non-adsorbing) at high 
pressure (50–200 bar) and temperature (150–200 °C);

3. Evacuation and heating to target isotherm temperature;
4. Measurement of zero value;
5. Isotherm measurement in desorption mode (some points 

were repeated in adsorption mode, to ensure that there 
is no hysteresis).

Measuring  H2 adsorption on zeolite 13X was difficult due to 
its low density and adsorption. In order to obtain reproduc-
ible results, the zero value was measured after every single 
point (step 4) by evacuating the balance, similar to the pro-
cedure described in the literature [34]. The excess amount 
adsorbed, which is the measured quantity, was converted to 
the absolute amount adsorbed assuming a constant adsorbed 
phase density equal to the liquid density at the boiling point, 
as often done in the literature [9, 13, 14, 27, 34]. Both the 

setup and the evaluation procedure are explained in detail in 
the literature [28, 30].

2.2.2  Breakthrough experiments

Breakthrough experiments were carried out in the labora-
tory setup shown in Fig. 1. The setup is in principle the 
same as described in the literature [23]. It consists of two 
double-jacketed columns that can be actively heated/cooled 
with two thermostats (Huber Kältemaschinenbau AG, Swit-
zerland). Only one is shown in Fig. 1, as only one at a time 
is operated for the breakthrough studies. The column pres-
sure can be controlled with two back pressure regulators 
(Bronkhorst High-Tech B.V., the Netherlands). The inflow 
is controlled with different mass flow controllers (MFC) and 
the outflow is measured with three mass flow meters (MFM, 
all from Bronkhorst High-Tech B.V.). A mass spectrometer 
(MS, Pfeiffer Vacuum AG, Schweiz) downstream of the 
MFMs is used to analyze the composition of the gas phase. 
Column inlet and outlet pressure are measured with pressure 
sensors (PI, Keller, Germany) and the temperature inside the 
column is monitored at 5 axial positions (10, 35, 60, 85 and 
110 cm from the column bottom) at the center of the column 
( r = 0 ). The setup dimensions are summarized in Table 1.

Breakthrough experiments were carried out for a binary 
and a ternary mixture at various pressures, temperatures, 
and flows as summarized in Table 2. A generic equimolar 
 CO2–CH4-mix has been chosen for the binary mixture to 
assess competition between  CO2 and  CH4. The composition 
of the ternary mixture is based on typical steam methane 
reformer gas after water–gas shift with  CH4 as representative 
impurity. Before all experiments, both columns were packed 
with zeolite 13X. Before each experiment, the relevant col-
umn was regenerated by heating to 240 °C and applying a 
vacuum for a minimum of 2 h. After a maximum of three 
subsequent experiments per column and before the first 
experiment, a more thorough regeneration was performed 
by heating to 240 °C for at least 12 h. The lower regenera-
tion temperature compared to the isotherm measurements 
is due to equipment limitations. No difference was found 
between these different regeneration procedures. Directly 
before starting a set of two experiments (one in each col-
umn), the MS was calibrated using the feed mixture for 
binary breakthrough experiments and both feed mixture and 
binary mixture for ternary breakthrough experiments. Next, 
the regenerated column was pressurized with helium to the 
adsorption pressure. Then, the inlet was switched to the feed 
mixture. The temperatures and pressures within the column, 
the outflow velocity and the composition after the column 
were monitored continuously. Each experiment was repeated 
at least once, and in most cases in the other column, so as to 
ensure reproducibility also using different columns.



544 Adsorption (2021) 27:541–558

1 3

Fig. 1  Experimental setup for breakthrough studies

Table 1  Column and adsorbent properties

a When using MFC1 (high flow)
b When using MFC2 (low flow)
C Slightly increased compared to setup piping diameter to account for 
additional dead volume due to valves, regulators and sensons

Parameter Symbol [Unit] Value

Particle diameter dp [m] 0.0018
Skeletal density �s [kg/m3] 2359
Particle density �p [kg/m3] 1085
Bed density �b [kg/m3] 595
Heat capacity of the sorbent Cs [J/kg/K] 1100
Inner column diameter di [m] 0.025
Outer column diameter do [m] 0.03
Column length Lcol [m] 1.2
Heat capacity of the column wall Cw [J/kg/K] 4 ×  106

Length of downstream piping LpipeD [m] 10.51
Length of upstream piping LpipeU [m] 3.52a

2.84b

Diameter of piping dpipe [m] 0.006c

Table 2  Experimental campaign for breakthrough experiments

1 bar 10 bar 25 bar

CO2:CH4 = 50:50
25 °C 10  cm3/s A2

20  cm3/s A1 A3 A5
40  cm3/s A4

45 °C 20  cm3/s A6
65 °C 20  cm3/s A7

H2:CO2:CH4 = 75:20:5
25 °C 10  cm3/s B2

20  cm3/s B1 B3 B5
40  cm3/s B4

45 °C 20  cm3/s B6
65 °C 20  cm3/s B7
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3  Modeling

3.1  Adsorption isotherms and heat of adsorption

3.1.1  Single component adsorption isotherms

Like in the case of the isotherm model for the  CO2 isotherms 
measured previously in our laboratory on the same zeolite 
[14], we fitted a temperature dependent Sips isotherm equa-
tion to the isotherm measurements to describe single com-
ponent adsorption:

with the following temperature dependence of the maximum 
capacity q∞

i

of the affinity coefficient bi,

and of the exponent si

T(ref) is the (reference) temperature, Pi is the pressure of com-
ponent i, qi is the absolute adsorbed amount, R is the univer-
sal gas constant and A1,i to C2,i are constant parameters. For 
parameter estimation, we performed a least-squares mini-
mization coupling Matlab’s fmincon local optimizer with 
the global search algorithm. Whenever possible without 
significantly reducing the quality of the fit, we eliminated 
the temperature dependence of the maximum capacity or of 
the Sips exponent or of both.

Isosteric heat of adsorption The isosteric heat of adsorp-
tion ΔHiso

i
 was determined from the isotherm measurements 

at different temperatures using the Clausius Clapeyron 
equation:

To compute the isosteric heat, data points at different tem-
peratures, but the same loading are required. Therefore, we 
first fitted the experimental results at each temperature to a 
suitable isotherm, then calculated isosteric data points at the 
three different temperatures and plotted lnP over 1/T. The 

(1)qi = q∞
i
(T)

[
bi(T)Pi

]si
1 +

[
bi(T)Pi

]si

(2)q∞
i
(T) = A1,i exp

(
A2,i

(
T

Tref
− 1

))
,

(3)bi(T) = B1,i exp

(
B2,i

RT

)
,

(4)si(T) = C1,i + C2,i exp

(
T

Tref
− 1

)
.

(5)ΔHiso
i
(qi, T) = −R

� lnP

�

(
1

T

)
|||||||qi

temperature-averaged isosteric heat was then evaluated from 
the slope of straight lines fitted to these points. To avoid 
extrapolation, only loadings with data points for all three 
temperatures were considered.

3.1.2  Multi‑component adsorption

For modeling multi-component adsorption, we compared 
three different approaches, namely the use of extended iso-
therms, the real adsorbed solution theory (RAST), and the 
ideal adsorbed solution theory (IAST).

Extended isotherms are convenient to use in process mod-
eling and optimization, as they provide an explicit equation 
for multi-component adsorption based on single component 
isotherm data only. For the Sips isotherm, the extended iso-
therm for N components is given as [32]

Another well known approach for describing multi-compo-
nent- adsorption is the adsorbed solution theory introduced 
by Mofarahi and Bakhtyari [25], which treats adsorption 
equilibria as phase equilibria between adsorbed phase as 
solution in equilibrium with the gas phase:

xi is the mole fraction in the adsorbed phase (hence ∑
i xi = 1 ), yi is the mole fraction in the gas phase, �i is the 

activity coefficient in the adsorbed phase, P0
i
(�) is the pres-

sure of pure component i evaluated at the spreading pressure 
� and temperature T of the mixture. The spreading pressure 
has to be equal for all components at the same temperature 
and can be evaluated through integration from

With q0
i
(P0

i
) being the single component equilibrium 

adsorbed amount at the same T and � of the mixture. For 
the Sips isotherm equation used in this work, this results in

with the reduced surface potential Π . Finally, the total 
amount adsorbed, qt , can be calculated as

and the amount adsorbed for each component, qi , as

(6)qi = q∞
i

�
biPi

�si
1 +

∑N

j=1

�
bjPj

�sj

(7)Pyi = �ixiP
0
i
(�)

(8)Π =
�A

RT
= ∫

P0
i

0

q0
i
(Pi)

Pi

dPi

(9)Π =
q∞
i
ln
(
1 +

(
biP

0
i

)si)
si

(10)
1

qt
=
∑
i

xi

qi(P
0
i
)
+
∑
i

xi

(
� ln �i

�Π

)
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In the special case where the adsorbed phase can be approxi-
mated as ideal solution, the activity coefficients are unity and 
the theory simplifies to the ideal adsorbed solution theory 
(IAST). The main advantage of IAST is that it requires sin-
gle component isotherm data only, which makes it a theory 
that is widely used for adsorbent characterization and pro-
cess modeling [48]. In contrast to extended isotherms, how-
ever, in general no closed form of the solution exists, thus 
requiring numerical solution for given gas phase composi-
tion hence increasing computational time. In addition, it is 
known to be less accurate for adsorbents with heterogeneous 
surfaces, such as zeolite 13X [2, 48].

For non-ideal adsorbed phase solutions, the real adsorbed 
solution theory (RAST) is used. In contrast to IAST, RAST 
requires an estimate of the activity coefficients �i based on 
multi-component experimental data. Here, we use the equa-
tion suggested by [49] as model for the activity coefficients 
(Eq. 12), with the temperature dependence originally sug-
gested in his work for the binary interaction parameters �ij 
(Eq. 13).

�ij is the i, j-interaction energy and �i the molar volume of 
species i. �i has to be estimated by fitting experimental data. 
It is noted that the dependence of �ij on the spreading pres-
sure is neglected here, as discussed in the literature [14], 
thus eliminating one fitting parameter. Nevertheless, for a 
ternary system, six parameters would need to be estimated. 
We do not directly measure multi-component adsorption, 
but estimate �i from cyclic experiments as described in part 
two of this series [41] and discussed in the results section 
(Sect. 4.2.4). To reduce the number of parameters that need 
to be estimated by fitting with this indirect approach, we 
simplified the theory as much as possible whilst still ensur-
ing a reasonable agreement between experimental data and 
simulation results. Therefore, we set all Λij equal to unity 
for all binary mixtures that contain  H2. Thus, we assume 
that all binary mixtures with  H2 behave ideal, i.e. according 
to IAST (Eq. 12 in this case yields an activity coefficient 
of unity). This assumption may not result in an accurate 
prediction of  H2 co-adsorption, but as  H2 adsorption is low 
on zeolite 13X, we do not expect it to hinder the uptake of 
strongly adsorbing components like  CO2 and  CH4 notably 
independent of the model used for describing multi-com-
ponent adsorption. Furthermore, we found in a previous 

(11)qi = xiqt

(12)ln(�i) =1 − ln

�
N�
j

xj�ij

�
−

N�
k

xl�ki∑N

j
xj�ij

(13)�ij =
�j

�i

exp

(
−
�ij − �ii

RT

)
=

�j

�i

exp

(
−

�i

RT

)

study that an accurate description of hydrogen adsorption 
is of little importance for correctly predicting the separa-
tion performance of VPSA, as long as the other components 
feature a significantly higher affinity towards the adsorbent, 
and that even the assumption that no hydrogen is adsorbed at 
all results in almost the same separation performance [44]. 
In addition, we assume that the interaction energy between 
 CO2 and  CH4 is the mean of the interaction between the 
individual species, as suggested in the literature [32]:

Which results in �i = (�ji − �ii) = −(�ij − �jj) = −�j . With 
these simplifications, the single parameter left to estimate 
is �i . This was estimated not based on breakthrough results, 
but on cyclic experiments [41], and a value of �1 = −4 kJ/
mol was used for all simulations.

3.2  Process modeling and estimation of transport 
coefficients

A one dimensional adsorption bed model based on mass 
and energy balance equations was used for the estimation 
of transport parameters, and for the comparison of experi-
mental and simulation results. The following simplifying 
assumptions were made:

– the gas phase is described with the ideal gas law,
– the pressure drop is described with the Ergun equation 

(Eq. 20) ,
– diffusion is neglected [5],
– thermal equilibrium is reached between adsorbent parti-

cles and gas phase,
– axial conductivity of the column wall is neglected,
– mass transfer is described using a linear driving force 

(LDF) approximation,
– constant, average values are used for the heat of adsorp-

tion ΔHiso
i

 , the heat capacity of wall Cw , adsorbent Cs , 
adsorbed phase Cads , and gas phase Cg , the LDF coef-
ficients ki and the viscosity � of the gas phase.

These result in the overall mass balance

the component mass balance

(14)�ij =
1

2

(
�ii − �jj

)

(15)�t

�c

�t
+

�(uc)

�z
+ �b

N∑
j=1

�qi

�t
= 0,

(16)�t

�ci

�t
+

�(uci)

�z
+ �b

�qi

�t
= 0 i = 1,… ,N,
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the component mass balance in the adsorbed phase with the 
adsorbed phase concentration, qi , and the adsorbed phase 
concentration in equilibrium with the bulk gas, q∗

i

the energy balance for the column

the energy balance for the wall

and the momentum balance, i.e. the Ergun equation

c(i) is the fluid phase concentration (of component i), �t and 
�b are the total and bed void fraction, u is the superficial 
velocity, T and Tw are the column and wall temperature, hL 
is the heat transfer coefficient from the column inside to 
the wall and hw that from the wall to the thermofluid. The 
important modeling parameters are summarized in Table 1. 
A more detailed explanation of the model can be found in 
previous works [4, 5, 35].

When comparing experimental results with simulation 
results, the piping system of the experimental setup has to 
be considered, as it results in a time difference between 
the flow through the MFC and the entry of the column, as 
well as after the column exit and the MFMs and the MS. 
Whereas the first could be accounted for with a simple 
time shift between simulation results and experimental 
data, the second has to be modeled, as the time difference 
is not constant, but depends on the outflow, which changes 
over time. Thus, we model the upstream and downstream 
piping as an isothermal plugflow reactor as in [4], i.e. 
neglecting diffusion. The downstream piping is assumed 
to be at high (adsorption) pressure until the BPR, and at 
ambient pressure thereafter, thus the pipe consists of two 
distinct sections with constant pressure and velocity.

(17)
�qi

�t
= ki(q

∗
i
− qi),

(18)

(�tCg + �bCs + �bCads)
�T

�t
− �t

�P

�t
+ uCg

�T

�z
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(−ΔHj)
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+

4hL

di
(T − TW) = 0,

(19)

�Tw
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2�

Cw

(
d2
o

4
−

d2
i

4

) (hL
di

2

(
T − Tw

)

− hw
do

2

(
Tw − Tamb

)
),

(20)
�P

�z
= −

150�(1 − �b)
2
�

�
3
b
d2
P

u −
1.75(1 − �b)�

�
3
b
dP

|u|u.

3.2.1  Transport parameters and parameter estimation

The external heat transfer coefficients depends on the ther-
mostat and thermofluid used, as well as on the column 
geometry. We use the same value as estimated in a pre-
vious work by [23], i.e. hw = 220 W/(m K). Heat trans-
fer from the column to the wall was modeled following 
the approach suggested in [39] based on the column inlet 
conditions. The effective radial thermal conductivity, �e , 
and the heat transfer to the column wall, �w , are lumped 
together in a single coefficient hL:

with the Biot number Bi = �wdi∕(2�e) . Both �e and �w have 
a static and a convective component that was calculated 
according to [39].

Mass transfer coefficients for  CO2 and  CH4 were esti-
mated directly using one binary experiment, and then used 
to predict all other breakthrough experiments. For the ter-
nary breakthrough experiments, the mass transfer coeffi-
cient of  H2 is needed in addition to those of  CO2 and  CH4. 
As mass transfer of  H2 is typically fast in zeolite 13X (and 
many other adsorbents), i.e. much faster than for any other 
component, it often cannot be estimated based on experi-
mental data [7, 29]. Also in this work, fitting results were 
inconclusive, so that we chose a high value of 1 s −1 for all 
experiments. In addition, the separation performance of 
cyclic adsorption processes exhibits little sensitivity with 
respect to the mass transfer coefficient of  H2 [44], and 
therefore a very accurate estimate is not critical process 
modeling and optimization.

In addition to estimating the mass transfer coefficients, 
the inlet velocity is allowed to vary within a few percent-
age points to account for the range of uncertainty of the 
MFCs, i.e. ± 2% of the full scale [4, 23]. Mass transfer 
coefficients and inlet velocity are estimated by minimizing 
the objective function

with the measured mole fraction yj,k and temperature Tj,k , 
and the corresponding simulated values T̂j,k and ŷj,k . Note 
that weighting factors were added as suggested in the litera-
ture [23], such that all concentration measurements together 
have the same weight as all temperature measurements, and 
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1
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1
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+
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Bi + 4
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unity is added to the denominator of the molar fraction term 
to avoid dividing by zero. As for the isotherm fitting, we 
used Matlab’s fmincon local optimizer coupled with its 
global search algorithm.

4  Results

4.1  Adsorption isotherms

The measured  CH4 and  H2 adsorbed amounts are shown 
together with the estimated adsorption isotherms in Figs. 2 
and 3. All corresponding isotherm parameters are provided 
in Table 3. We previously measured  CO2 adsorption iso-
therms on the same material [14]; the corresponding param-
eters are provided in the same table.

As shown in the figures, the agreement between the fitted 
Sips isotherm model and the measurements is very good. 
As mentioned in Sect. 3.1, we eliminated the temperature 
dependence of the maximum capacity and of the Sips expo-
nent whenever possible. The  H2 isotherms can be described 
very well with a temperature independent maximum capac-
ity and Sips exponent, whereas for  CH4, the temperature 
dependence of the maximum capacity is necessary to 
improve the model accuracy. The  CH4 isotherms are linear in 
the low pressure region, but approach the maximum capacity 
at 30 bar (Fig. 2). On the contrary,  H2 exhibits a much lower 
affinity towards zeolite 13X and its isotherms are almost 
linear over the whole pressure range (Fig. 3). The adsorption 
isotherms reported here are within the range reported in the 

literature for  CH4 [7, 8, 24, 29] and at the upper bound of 
the range reported for  H2 [7, 29].

CO2 has an even higher affinity toward zeolite 13X than 
 CH4, and also a higher maximum capacity than both  CH4 
and  H2 ([14], Table 3). This order is reflected in the isosteric 
heats of adsorption shown in Fig. 4 with a high isosteric heat 
for  CO2, a low isosteric heat for  H2 and a medium one for 
 CH4. The values for all three components are in line with 
the range reported in the literature [6, 24, 29]. Note that to 
estimate parameters based on the breakthrough experiments, 
a constant heat of adsorption was used. Therefore, we com-
puted the average over the entire loading range for each com-
ponent, thus resulting in an isosteric heat of − 36.3 kJ/mol 
for  CO2, of − 18.8 kJ/mol for  CH4 and − 10.7 kJ/mol for  H2.

Fig. 2  CH4 adsorption isotherms on zeolite 13X. Lines indicate the 
fitted Sips isotherms. The low pressure region up to 1 bar is shown 
separately. The dotted lines correspond to literature isotherms on zeo-
lite 13X at 45 °C from [8] (blue), [24] (green), [29] (yellow), and [7] 
(purple) (Color figure online)

Fig. 3  H2 adsorption isotherms on zeolite 13X. Lines indicate the 
fitted Sips isotherms. The dotted lines correspond to literature iso-
therms on zeolite 13X at 45 °C from [29] (yellow), and [7] (purple) 
(Color figure online)

Table 3  Isotherm parameters

CO2 isotherm parameters from [14]

CH4 H2 CO2

qinf
i

A1,i mol/kg 4.473 5.013 7.268
A2,i – − 0.6569 0.0000 − 0.6168

bi B1,i 10−4 bar−1 3.605 1.034 1.129
B2,i kJ/mol 15.561 9.453 28.389

si C1,i – 1.073 1.006 0.425
C2,i – 0.0000 0.0000 0.7238
Tref

◦C 25.0 25.0 25.0
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4.1.1  Multi‑component adsorption

Figure 5 shows the adsorbed amount of  CO2 and  CH4 cal-
culated with the different models over the total pressure for 
the exemplary case of the binary mixture used in this work.

As shown in the figure, the adsorbed amount is the high-
est for both components when considering no interaction at 
all (dash-dotted lines).

The use of extended Sips isotherms (dashed lines) leads 
to a significant reduction in predicted adsorbed amount for 
both components. Note that the effect on  CH4 is more pro-
nounced than that on  CO2 due to the high affinity of  CO2 
toward zeolite 13X. In contrast to that,  CH4 adsorption starts 
affecting  CO2 adsorption only at higher pressures. Above 7 
bar, even an overall decrease in adsorbed amount of  CO2 is 
predicted with increasing pressure.

Both IAST (dotted lines) and RAST (solid lines) predict 
only an insignificant reduction in  CO2 adsorption capac-
ity, meaning that  CH4 does not affect  CO2 adsorption at all 
(IAST) or only very little (RAST). On the other hand,  CH4 
adsorption reduces drastically in the presence of  CO2. Essen-
tially no  CH4 co-adsorption is predicted by IAST, whereas 
RAST predicts a still low, but significant co-adsorption of 
 CH4 in the presence of  CO2.

4.2  Breakthrough experiments

4.2.1  Reference experiment and parameter estimation

The reference binary breakthrough experiment A3 (see 
Table 2) is illustrated in Fig. 6 with the measured tempera-
ture profiles at the top and the measured composition after 
the column outlet at the bottom. Simulations with extended 
isotherms are indicated with dashed lines, those using IAST 
with dotted lines, and those using RAST with solid lines. 
This experiment was used to estimate the mass transfer 
parameters; heat transfer was modeled using the correlation 
suggested in [39].

As  CO2 and  CH4 adsorb, the released heat of adsorption 
gives rise to two distinct temperature fronts that propagate 
through the column.  CH4 is the weaker adsorbing compo-
nent and therefore propagates faster. Its moderate heat of 
adsorption gives rise to a temperature increase of about 30 
K that propagates through the column. After  140 s and few 
seconds after it reaches TI5 10 cm below the column outlet, 
 CH4 breaks through and pure  CH4 is produced. Note that 
for TI1 (10 cm from the column bottom), the temperature 
increase due to  CH4 adsorption precedes that of  CO2 adsorp-
tion only by a few seconds, such that two separate tempera-
ture peaks cannot be distinguished. The difference increases 
the further through the column the  CH4 front propagates.

CO2 adsorbs more and has a higher affinity and heat of 
adsorption than  CH4, and its adsorption therefore results in 
a larger temperature increase of about 100 K. The tempera-
ture increase for TI1 is the highest, because the column 
does not have time to cool down after  CH4 adsorption. 
It decreases the further up the column  CO2 adsorption 

Fig. 4  Isosteric heat of adsorption on zeolite 13X, averaged over tem-
perature (25 °C, 45 °C and 65 °). For computing the isosteric heat 
of adsorption for  CO2, the isotherms as reported in [14] up to 65 °C 
were used

Fig. 5  Co-adsorption of an equimolar  CO2-CH4 mixture on zeolite 
13X modeled without competition (dash-dotted lines), with extended 
Sips isotherms (dashed lines), with IAST (dotted lines) and with 
RAST (solid lines, �

1
= −4 kJ/mol, [41]). For  CO2, lines calculated 

with IAST and without competition overlap
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occurs, due the increased time difference between  CH4 
and  CO2 adsorption fronts and thus longer time for cooling 
down. After 400 s, i.e. roughly 260 s of production of pure 
 CH4,  CO2 breakthrough occurs. The shape of the break-
through curve is initially governed by mass transfer and it 
is steep, but flattens quickly and is governed by heat rather 
than mass transfer in the later stage, as the temperature 
inside the column decreases slowly and additional  CO2 is 
adsorbed. It takes more than 800 s longer until the outlet 
composition reaches the equimolar inlet composition once 
the column temperature reaches 25 °C everywhere.

The model predicts both composition and temperature 
profiles very well. Both the height and timing of the tem-
perature fronts is reproduced almost exactly by the model, 
and so are the composition profiles. The simulated tem-
peratures show a slightly faster cooling (especially visible 
for TI1), which can be due to the positioning of the ther-
mocouples: they are mounted in the center of the column 
at r = 0 , where radial heat transfer is worse than closer to 
the wall. The 1D model, however, does not account for any 
difference in radial heat transfer. It is evident, however, 
that both IAST and RAST (dotted and solid lines, respec-
tively) predict the time when  CH4 breakthrough occurs 
and the shape of the  CO2 breakthrough front better than 
extended isotherms.

For all further predictions, we use the mass transfer coef-
ficients estimated based on this reference experiment using 
IAST as summarized in Table 4. Mass transfer is slower for 
 CO2 ( kCO2 = 0.06 s −1 ) than for  CH4 ( kCH4 = 0.2 s −1 ). The 

value for  CO2 is similar to that found for the same zeolite 
13X and  CO2-N2 mixtures [23] and for pure  CO2 [3, 29], but 
about an order of magnitude higher than the values reported 
in [7, 20, 37]. Literature values for  CH4 are higher than the 
value estimated here, i.e. around 1 s −1 [3, 29]. Despite those 
differences, the parameters estimated here, i.e. for the system 
and conditions of interest, were used in this work to ensure 
consistency. Where the studies provide the reciprocal dif-
fusion time constant, we converted it to a LDF coefficient 
based on the equation Global CCS Institute [12]. For all 
multi-component models, the feed velocity was allowed to 
vary slightly to account for the uncertainty of the MFCs, and 
thus better predict the experiments. The deviation between 
the setpoint of the MFC and the final fitted velocity thus 
can differ for each experiment and repetition, and also for 
IAST, RAST and extended isotherms. For extended iso-
therms,  CH4 breakthrough is predicted later than when it 
occurs experimentally (Fig. 6, dashed lines). This could as 
well be interpreted as a correct prediction of  CH4 break-
through in combination with the prediction of an early  CO2 
breakthrough. Due to the large temperature increase upon 
 CO2 adsorption, however, the fitting of the velocity favors 
the correct prediction of  CO2 adsorption over that of  CH4 
adsorption. On the one hand, when comparing extended iso-
therms and IAST/RAST, it is clear that extended isotherms 
result in a higher  CH4 adsorption and thus possibly a later 
breakthrough thereof (Fig. 5). However, for the major part 
of the breakthrough,  CH4 sees a clean column as it propa-
gates faster than  CO2, thus the competition is not expected 
to influence the time until  CH4 breaks through significantly. 
On the other hand, extended isotherms also predict a lower 
 CO2 co-adsorption in the presence of  CH4 (Fig. 5), which 
reduces the time until  CO2 breaks through. Therefore, the 
interpretation suggested above, that the late  CH4 break-
through is an artefact of fitting the velocity, and actually the 
model can predict the  CH4 breakthrough well, but under-
estimates  CO2 adsorption when using extended isotherms, 
seems reasonable.

Fig. 6  Reference binary breakthrough experiment A3 at T = 25 °C, 
P = 10 bar and V̇ = 20 cm3 /s (at P and T) with  CO2:CH4 = 50:50 
mol% feed mix. Simulations with extended Sips isotherms (dashed 
lines), IAST (dotted lines), and RAST (solid lines). Simulations with 
IAST and RAST essentially overlap

Table 4  Mass transfer parameters

The  CO2 mass transfer coefficient could be estimated with a higher 
precision than that of  CH4 and of  H2
a Estimated based on reference binary breakthrough Exp. A3
b Ahigh value was assumed, as mass transfer of  H2 on zeolite 13X is 
known to be fast
c Estimated based on ternary breakthrough Exp. B6, not used for pre-
dicting the ternary breakthrough experiments

CO2 CH4 H2

ki s−1 0.06a ( 0.09c) 0.2a ( 0.4c) 1.0b(1.2c)
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4.2.2  Prediction of binary breakthrough experiments

To assess the predictive capability of the column model, 
the same mass transfer coefficients as estimated based on 
the reference experiment (Table 4) are used to predict the 
other binary breakthrough experiments at changing veloci-
ties, pressures and temperatures (Table 2). The results are 
illustrated in Fig. 7. Only one repetition is shown for each 
combination of temperature, pressure and flow, as all experi-
ments featured an excellent reproducibility.

As for the reference breakthrough experiment, the overall 
agreement between simulation results and experimental data 
is very good. Timing, shape and height of the temperature 
fronts are predicted well using the literature heat transfer 
correlation [39]. The correlation predicts a higher heat 
transfer in the case of higher Reynolds numbers, i.e. higher 
pressures and flows (Fig. 8). As before, it is clear that IAST 
(dotted lines) and RAST (solid lines) result in better predic-
tions than extended isotherms (dashed lines): depending on 
the temperature and flow, extended isotherms overestimate 
the time until  CH4 breaks through. The difference is barely 
noticeable for low pressures and high temperatures, so con-
ditions where there is little competition, but significant for 
high pressures. However, when using IAST or RAST, the 
agreement is excellent.

Note that the simulation results shown in Fig. 7 are fully 
predictive, except for the uncertainty of the mass flow con-
troller and thus of the feed velocity. The relative deviations 
of the velocity from the setpoint are shown in Fig. 7 (middle) 
and differ for extended Sips isotherms, IAST and RAST. In 
all cases, the estimated velocity for extended Sips isotherms 
(Fig. 7 middle, dashed lines) is the lowest, thus further sup-
porting the assumption that indeed  CH4 breakthrough can 
be modeled well, but that fitting favors a correct prediction 
of  CO2 breakthrough over that of  CH4 breakthrough. In 
fact, if the velocity for extended Sips isotherms were to be 
increased to that of RAST or even IAST, the breakthrough 
curves simulated with extended isotherms would shift to the 
left, thereby resulting in a better prediction of  CH4 break-
through, but a simulated  CO2 breakthrough earlier than that 
measured.

4.2.3  Prediction of ternary breakthrough experiments

Figure 9 shows a typical ternary breakthrough experiment 
(Exp. A6) for a feed mixture representative of shifted syngas 
produced from steam reforming of natural gas  (CO2:CH4:H2 
= 20:5:75 mol%). For all ternary experiments, the same 
mass transfer parameters as estimated based on the binary 
case were used (Table 4) to test the predictive capability of 
the model, and a high value of 1 s −1 was chosen for  H2. An 
enlarged view is provided in Fig. 10. The heat transfer coef-
ficients were calculated for each experiment according to 

[39]. Due to the lower kinematic viscosity of the gas phase, 
the Reynolds numbers are lower for experiments at the same 
pressure, temperature and flow as for corresponding binary 
experiments, but the specific heat capacity (per mass of gas) 
is much higher, so as the heat transfer coefficients are higher 
than for the binary case (Fig. 8).

Out of the three components in the feed, hydrogen 
adsorbs the least and therefore breaks through first. The 
weak adsorption (low affinity, low heat of adsorption) gives 
rise to the very fast propagation of a temperature front with 
an increase in temperature of approximately 2 °C) (see 
Fig. 10).  H2 breaks through after only about 50 s.  CH4 is the 
second component break through. The temperature increase 
related to  CH4 adsorption is much lower than for the case of 
the binary breakthrough experiments due to its concentration 
of only 5% in the feed, but nevertheless more pronounced 
than for  H2 as it can clearly be seen in the figure. Due to 
the lower concentration and a convex  CH4 isotherm shape, 
 CH4 breaks through later than for the binary case, in this 
case after around 220 s. Thus, pure hydrogen is produced 
for a period of about 170 s.  CO2 adsorbs strongly and has a 
high heat of adsorption, thus giving rise to the propagation 
of a high temperature front with a temperature increase of 
approximately 90 K, so slightly lower than for the binary 
case due to the lower partial pressure. It breaks through after 
over 1150 s, so much later than for the binary case, due to 
the lower concentration but high affinity of  CO2 already at 
low partial pressures. In contrast to the binary case, the tem-
perature increase is similar for all thermocouples, because 
there is less heat released as  CH4 adsorbs and sufficient time 
for cooling down before the  CO2 front reaches the same 
position.

Comparing the experimental measurements with the 
simulation results demonstrates that also in this case the pre-
dictive correlation for heat transfer works rather well. The 
model predicts a temperature increase slightly below that 
measured for  CO2 at the center of the column, as expected 
for a 1D model that does not account for radial temperature 
profiles. The temperature increase due to  CH4 adsorption is 
slightly overestimated (Fig. 9, insert), which could be related 
to the use of an average heat of adsorption, that is higher 
than the value for low loadings (Fig. 4).

The shape of the composition profiles indicates that the 
mass transfer coefficients from the binary case slightly 
underestimate mass transfer in the ternary case, which can 
be appreciated even better in the enlarged view shown in 
10. Indeed, the simulated  CO2 and  CH4 composition fronts 
are flatter than the ones measured experimentally, and so is 
the shape of the temperature front related to  CH4 adsorp-
tion. To test this hypothesis, we also estimated mass trans-
fer coefficients based directly on this ternary experiment, 
including also that of  H2. They are larger than for the binary 
case for all components, as can be expected from the gas 
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Fig. 7  Binary breakthrough experiments A1, A2, A4, A5, A6 and A7 
using mass transfer parameters as estimated based on the reference 
breakthrough experiment A3 and heat transfer coefficients estimated 
according to [39]. Middle: error in estimated flow Δu = u

fit
− u

set
 

relative to setpoint for extended Sips isotherms, IAST and RAST. 
IAST (dotted lines), RAST (solid lines) and extended Sips isotherms 
(dashed lines). For Exp. A1, all simulations essentially overlap
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composition: diffusion in  H2-rich mixtures is typically 
faster than in  CO2 or  CH4-rich mixtures [22] (Table 4). The 
simulation results with these higher transport parameters 
are shown in Fig. 10 with dash-dotted lines in comparison 
to the simulation results with the binary transport param-
eters (IAST only for both cases). Indeed, both the shape of 
the  CH4 breakthrough as well as that of the corresponding 
temperature front can be predicted better with the ternary 
transport parameters. However, as we aim at using a con-
stant set of transport parameters also for predicting cyclic 
operation, we are interested in finding parameters that work 
reasonably well to predict mass transfer over a wide range 
of compositions (and including streams that consist mainly 
of  CO2), pressures, and temperatures and thus decided to 
continue using the parameters estimated based on the refer-
ence binary experiment.

The additional breakthrough experiments and simula-
tions using the mass transfer coefficients as estimated based 
on the binary reference experiment and the literature heat 
transfer correlation [39] are illustrated in figure 11. Overall, 
the agreement is rather good. Especially the heat transfer 
correlation works very well and almost exactly predicts the 
temperature fronts. However, the duration until  CH4 break-
through occurs is slightly overestimated in some cases. 
This can be related to the use of slightly lower mass transfer 
coefficients than estimated based on the reference ternary 
breakthrough experiment. By estimating both heat and mass 
transfer parameters based on each individual experiment or 
by adjusting the heat of adsorption to the loading range of 
each experiment, the quality of the fits could be improved 
further, but we consider the agreement satisfactory and deem 
a confirmation of the predictive capability of the model more 
important than an exact agreement between experiment and 
simulation with individually estimate parameters, that are 
difficult to generalize for with the aim of simulating cyclic 
experiments.

Note that for ternary breakthrough experiments, there is 
barely any difference between the simulation results with 
the three different multi-component adsorption models, in 
strong contrast to the binary case. This is related to the lower 
 CO2 and  CH4 concentrations and thus partial pressures in the 
feed, at which competition plays a smaller role (see Fig. 5). 
Only at higher total pressures, i.e. for Exp. B5 at 25 bar, 
the difference is considerable. In this case, IAST and RAST 
predict the experiment better than extended isotherms, with 
the latter predicting an even later  CH4 breakthrough.

4.2.4  Real adsorbed solution theory

Note that we here successfully predict the breakthrough 
experiments using IAST and even reach a good agree-
ment for many experiments with the use of extended iso-
therms; therefore it does not seem necessary to include a 

Fig. 8  Heat transfer coefficient for different binary and ternary break-
through experiments depending on Reynolds number calculated 
according to [39] based on the inlet composition, pressure, tempera-
ture and velocity

Fig. 9  Exemplary ternary breakthrough experiment B6 at T = 45 
°C, P = 10 bar and V̇ = 20 cm3 /s (at P and T) inflow with a 20:5:75 
 CO2:CH4:H2 mix (mol%). Simulations with extended Sips isotherms 
(dashed lines), IAST (dotted lines), and RAST (solid lines) essen-
tially overlap

Fig. 10  Exemplary ternary breakthrough experiment B6. Simulations 
with IAST (dotted lines) and transfer parameters estimated based on 
reference binary breakthrough experiment (dotted lines) or transfer 
parameters estimated based on this experiment (dash-dotted lines, 
Table 4)
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Fig. 11  Ternary breakthrough experiments B1, B2, B3, B4, B5 and 
B7 using mass transfer parameters as estimated based on the refer-
ence binary breakthrough experiment A3 and heat transfer coeffi-
cients estimated according to [39]. Simulations with extended Sips 

isotherms (dashed lines), IAST (dotted lines) and RAST (solid lines). 
A big difference between the different multi-component models is 
visible only for high pressure (Exp. B5) whereas for the other simula-
tions, the curves essentially overlap
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more complex multi-component model such as RAST in the 
analysis. However, breakthrough experiments only contain a 
limited amount of information about competitive behavior. 
In contrast, in cyclic experiments, the choice of competitive 
isotherms is challenged over a much wider range of condi-
tions and compositions, hence cyclic experiments provide 
much more information on competitive behavior than simple 
breakthrough studies. They cover compositions from 0 to 
almost 100% for all three components, pressures between 0.1 
bar and 25 bar, and temperatures as low as 5 °C. Thus, such 
experiments can easily reach the limit of either extended 
isotherms or IAST, even though those performed well in 
predicting breakthrough experiments. In our case, neither 
approach can predict the cyclic experiments sufficiently 
well. Contrary to IAST prediction, which indicates a very 
low  CH4 co-adsorption in the presence of any adsorbed  CO2 
and thus results in an almost immediate  CH4 breakthrough 
during adsorption for a column with residual adsorbed  CO2 
(as is the case in any cyclic experiment where the column is 
not fully regenerated), in the cyclic experiments it was pos-
sible to contain  CH4 within the column and produce a pure 
stream of  H2 during high pressure adsorption [41]. When 
using extended isotherms, the speed at which the  CO2 front 
propagates through the column is overestimated. Hence, 
based on the cyclic experiments described in part two of 
this work, we found that the agreement between experimen-
tal and simulation results can be improved a lot when using 
RAST. However, it is clear that the multi-component model, 
that predicts adsorption well for cyclic experiments still 
should be valid for breakthrough studies, as those included 
in this analysis. As shown before, RAST performs much 
better than extended Sips isotherms and comparable to IAST 
in all cases, thus demonstrating that it is a good model not 
only for the cyclic experiments shown in part two of this 
series, but also for breakthrough experiments. In contrast 
to that, the limit of extended isotherms is already reached 
for some of the binary breakthrough experiments, whereas 
IAST performs well for breakthrough studies but reaches 
its limit when simulating cyclic experiments, for which an 
accurate description of co-adsorption of  CH4 in the presence 
of pre-adsorbed  CO2 is essential.

4.2.5  Uncertainty in feed velocity

The feed velocity was treated as a fitting parameter for all 
examined cases. Figure 12 shows a comparison between the 
estimated velocity and the setpoint (a) as well as between 
the resulting relative error and the error expected for the 
MFCs (2% of the full scale) (b). All experiments and repeti-
tions as well as fits with all three multi-component models 
are included. Almost 90% of all estimated velocities are 
within the expected error (Fig. 12b) with maximum devia-
tions of just over 10% from the setpoint velocity. The outlier 

shown in red with a deviation of four times the specified 
uncertainty of the MFC corresponds to experiment A3 fitted 
using extended isotherms. As discussed above, the model 
predicted a later  CH4 breakthrough than measured experi-
mentally for this experiment when using extended isotherms. 
When increasing the velocities in the simulation up the range 
of the MFC specifications, both  CH4 and  CO2 breakthrough 
would be predicted to occur earlier, thus eventually resulting 
in a correct prediction of  CH4 breakthrough, but an early 
prediction of  CO2 breakthrough. The large deviation from 
the expected uncertainty of the MFC for this experiment 
thus further supports this as the correct interpretation. Note 
that this effect can be seen particularly well for Exp. A3, as 
the inflow is close to the maximum range of the MFC, and 
thus has a low expected relative error of just above 2%.

5  Conclusions

In this work,  CH4 and  H2 equilibrium isotherms were meas-
ured on pelleted zeolite 13X at various temperatures and up 
to 30 bar, thus complementing prior  CO2 isotherm measure-
ments.  CO2 adsorbs strongly on zeolite 13X,  CH4 less and 
 H2 very little, which results in a high selectivity of  CO2 over 
both  CH4 and  H2 on the one hand, but also a high selectivity 
of  CH4 over  H2 on the other hand. Thus, zeolite 13X is a 
suitable material for  H2 purification  (H2 as light product), or 
 CO2 purification  (CO2 as heavy product), or even for com-
bined adsorption processes that target a co-purification of 
 CO2 and  H2 from a stream with an impurity like  CH4, i.e. 
with an adsorption strength in between  CO2 and  H2.

Zeolite 13X was characterized further through binary 
 (CO2–CH4) and ternary  (H2–CO2-CH4) breakthrough 
experiments at a variety of temperatures, pressures and 

Fig. 12  a error in estimated flow relative to setpoint; b flow error 
relative to error specified for MFC; all points outside the specified 
error of the MFC are shown in light grey, the corresponding velocity 
errors are shown in a in light grey. All experiments and repetitions, 
and the fits with IAST, RAST and extended isotherms are included. 
The outlier in red in both figures corresponds to Exp. A3 fitted using 
extended isotherms (Color figure online)
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flowrates. Comparing experimental measurements with 
simulation results allows for an estimation of transport 
parameters and for an assessment of the prediction accu-
racy of the model. A high predictive capability of the 
model at different conditions is essential for accurately 
simulating and optimizing cyclic adsorption processes, 
which naturally cover a wide range of compositions at 
various temperatures, pressures and flowrates throughout 
the cycle.

In this work, we have demonstrated the high predictive 
capability of the 1D column model beyond previous stud-
ies. Most importantly, we have shown that after calibrat-
ing the model by estimating the mass transfer coefficients 
using a single breakthrough experiment only, the model 
can be used in a fully predictive manner for different tem-
peratures, pressures, flowrates and with a slightly lower 
accuracy also for different compositions. In addition, a 
literature correlation for the heat transfer coefficient was 
identified that results in a good prediction of heat transfer 
over the whole experimental range.

For a good agreement between simulation results and 
experimental measurements, in addition to good estimates of 
heat and mass transfer parameters, also accurately modeling 
multi-component adsorption is key. A comparison of three 
different models for multi-component adsorption showed 
that extended Sips isotherms underpredict  CO2 adsorption 
at high partial pressures and low temperatures. In contrast 
to that, both the ideal adsorbed solution theory and the real 
adsorbed solution theory result in a good agreement between 
experimental and simulation results over the whole range 
of experimental conditions. However, breakthrough studies 
alone are not sufficient to establish the best multi-compo-
nent model, as the less adsorbing components  (H2 and  CH4) 
propagate faster through the column than  CO2, and thus 
adsorb mainly on a  CO2-free column. Hence, their uptake is 
not influenced through competition with  CO2. This shows 
that breakthrough experiments alone, even though essential 
for estimating transport parameters, may not be sufficient to 
evaluate co-adsorption of the lighter component.

Overall, this work paves the way for a full experimental 
demonstration of and further model validation for cyclic 
adsorption processes. This is presented in the second part 
of this series, which focuses on vacuum pressure swing 
adsorption processes for  H2 purification with integrated 
 CO2 capture in the context of low-carbon hydrogen pro-
duction from fossil fuels.
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