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Influence of humidity on carbon dioxide adsorption
on zeolite 13X
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Greenhouse gases such as carbon dioxide and water vapour can be captured from gas streams on
a zeolite 13X adsorbent. Experimental water vapour adsorption isotherms and kinetic curves were
measured in the temperature range of 293–393 K and pressure up to 2100 Pa. The equilibrium data
were developed with Toth and Sips multi-temperature isotherm models. The results of the process
rate studies were described using pseudo-first and pseudo-second order kinetic models. Findings were
compared with our own results of CO2 adsorption studies on the same zeolite.
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1. INTRODUCTION

Global warming is a problem of the beginning of 21st century. Carbon dioxide (CO2) is the main greenhouse
gas emitted by human activity mainly in combustion of fossil fuels (Ben-Mansour et al., 2016). One of
the perspective methods for reducing emission of CO2 to atmosphere are adsorption-based separation
processes such as pressure, temperature, and vacuum swing adsorption (Hefti and Mazzotti, 2018; Li et
al., 2014; Marx et al., 2013). In these processes a flue gas is passed through a fixed bed filled with an
adsorbent. The most popular adsorbent for CO2 capturing is zeolite 13X (Hefti and Mazzotti, 2018). The
industrial flue gas mainly consists of nitrogen, water, carbon dioxide and oxygen. During the process, CO2
is captured by the adsorbent in presence of water vapour, because the amount of water in the flue gas is
3–10% (Li et al., 2014). Water has high dipole moment, and this caused strong bond with surface of zeolite
(Marx et al., 2013), but the amount and rate of its adsorption requires further research.

The basis for the design of adsorption installations is knowledge of the equilibrium and kinetics of the
adsorption process over a wide temperature range (Brandani and Ruthven, 2004; Kim et al., 2003; Wang
and LeVan, 2009). In most papers relating to adsorption of water vapour on zeolite 13X only adsorption
equilibrium is tested. Moreover, results are different depending on the manufacturer of the zeolite (Brandani
and Ruthven, 2004; Hefti and Mazzotti, 2018; Kim et al., 2003; Li et al., 2008; 2009; Rege et al., 2000;
Sayılgan et al., 2016; Son et al., 2019; Wang and LeVan, 2009; Wynnyk et al., 2018). The adsorption
kinetics is neglected, which is a mistake due to the short residence time of individual stages in cyclic
adsorption processes. Only in two papers measurements of kinetics for zeolite 13X – water vapour system
were presented. Ryu et al. (2001) conducted measurement at 298 and 398 K while Sayılgan et al. (2016)
measured the adsorption kinetics at 393 K.
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In this paper the adsorption equilibrium and kinetics for zeolite 13X – water vapour system at a wide
range of temperature were examined. The experimental data obtained were correlated with chosen models.
Obtained experimental data of equilibrium and kinetics were compared with measurement of zeolite
13X−CO2.

2. MATERIALS AND METHODS

2.1. Characteristics of adsorbent

Experimental research concerned adsorption equilibrium of water vapour onto zeolite 13X, which was
manufactured by Hurtgral (Poland). Basic physical properties of the adsorbent are presented in Table 1.

Table 1. Physical properties of zeolite 13X

Property Value

Shape Beads

Nominal pore diameter, Å 10

Particle diameter, mm 1.7–2.5

Bulk density, kg/m3 700

2.2. Experimental apparatus and measurement methodology

Studies of adsorption equilibrium and kinetics of water vapour on zeolite 13X were performed using
a static gravimetric analyser (IGA-002, Hiden Isochema, United Kingdom). The central element of the
IGA system is a balance with weighing resolution of 0.1 µg. The sample was situated in a sieve made of
stainless steel, which was hung to the balance using a gold chain. The adsorbent weight was about 78 mg.
The sample was placed in a metal reactor, wherein an ultra-high vacuum was possible. The reactor was
thermostated using a circulation water bath GR 150 (Grant Instruments, United Kingdom) or heated with
electric furnace Cryofurnace (Hiden Isochema, United Kingdom). The sample temperature was measured
using a Pt 100 sensor and regulated by the PID controller with the accuracy of ±0.05 K for the water bath
and ±0.1 K for the furnace. The pressure inside the reactor was measured using a pressure gauge with
a sensitivity of ±0.625 Pa. Before each examination, the sample was degassed “in situ” for 2 hours at the
temperature of 423 K and vacuum of 10−6 Pa. After degassing, the adsorption kinetics and equilibrium
were measured for given temperature and pressure values (Zabielska et al., 2018).

2.3. Adsorption equilibrium

Determination of adsorption equilibrium is a key step for performing process design and optimization.
Adsorption equilibrium in the gas-solid system is represented by:

• adsorption isobar (p = const)
q = f (T )p (1)

• adsorption isotherm (t = const)
q = f (p)T (2)
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The equilibrium adsorption process can be described by the isotherm equation, which can be represented
using 6 different types according to the International Union of Pure and Applied Chemistry classification
(IUPAC). Thermodynamic equilibrium data allows to describe texture of adsorbents and to adjust basic
parameters of the process in selected adsorption system. The adsorption isotherm also provides information
about the thermal effect of the process. During adsorption of water vapour in the high relative partial
pressure of adsorbate, capillary condensation often occurs (Do, 1998; Keller and Staudt, 2005; Thomas
and Crittenden, 1998).

2.4. Adsorption isotherm models

In the work, isotherm models were fitted to the measured adsorption equilibrium points at various temper-
atures to increase the usefulness of the experimental data. The multi-temperature models of Sips and Toth
adsorption isotherms were used. These equations are useful in pressure swing adsorption (PSA) simulation
due to their simple mathematical form.

2.4.1. Sips model

Considering the problem of continuous increase of adsorbed amount with increasing pressure in the
Freundlich model, Sips presented an equation that has a similar form to the Freundlich equation, but has
a finite limit when the pressure is high (Thomas and Crittenden, 1998).

q = qm(T )
b(T ) · pn(T )

1 + b(T ) · pn(T ) (3)

In this form Eq. (3) resembles the Langmuir equation. The difference is an additional parameter n char-
acterizing the system heterogeneity. In Eq. (3) qm, b and n are characteristic coefficients dependent on
temperature T according to the relations:

qm(T ) = a0LF +
a1LF

T
+

a2LF

T2 (4)

b(T ) = exp
(
b0LF +

b1LF

T
+

b2LF

T2

)
(5)

n(T ) = n0LF +
n1LF

T
(6)

After substituting Eqs. (4)–(6) into Eq. (3) the mathematical form of multitemperature Sips adsorption
isotherm is obtained (Ayawei et al., 2017; Do, 1998; Keller and Staudt, 2005):

q = a0LF +
a1LF

T
+

a2LF

T2

exp
(
b0LF +

b1LF

T
+

b2LF

T2

)
· pn0LF+

n1LF
T

1 + exp
(
b0LF +

b1LF

T
+

b2LF

T2

)
· pn0LF+

n1LF
T

(7)

2.4.2. Toth model

The Toth isotherm is a semi-empirical modification of the Langmuir equation to reduce the error between
experimental and calculated equilibrium data. The Toth equation describes adsorption in a monolayer.
This model is related with surface diversity and interactions of adsorbed particles. The relation of the Toth
model can be represented as (Do, 1998; Keller and Staudt, 2005):

q = qm
p

(b(T ) + pnT )1/nT
(8)
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In Eq. (8) the coefficient b depends on the temperature according to the relation:

b(T ) = b0T · exp
(
−nT · ∆H

R · T

)
(9)

The mathematical form of multitemperature Toth adsorption isotherm is:

q = qm
p(

b0T · exp
(
−nT · ∆H

R · T

)
+ pnT

)1/nT
(10)

In addition to the above-mentioned models, adsorption equilibrium can also be described by other isotherms
such as the Brunauer–Emmett–Teller (BET), Dubinin–Radushkevich, Temkin models (Ayawei et al., 2017;
Thomas and Crittenden, 1998). These models were not used in the research due to their insufficient
matching with experimental data.

Depending on the linear expression of each isotherm and kinetic curve, all the models parameters could be
acquired by linear regression. The chosen equilibrium and kinetics equations were fitted to the experimental
data using Statistica 13.1 software (Statsoft).

In this study, the best fitting quality was found based on four different error functions, which were calculated
based on the following Eqs. (11)–(13):

a) Average relative error (ARE):

ARE =
1
n

n∑
i=1

�����qexp − qsim

qexp

����� (11)

b) Root mean sum-of-squares error (RMSE):

RMSE =

√√
1
n

n∑
i=1

(qexp − qsim)2 (12)

c) Chi-squared statistic ( χ2):

χ2 =

n∑
i=1

(qexp − qsim)2

qsim
(13)

In addition to these formulas, the coefficients of determination R2 were calculated for each isotherm and
kinetic model (Ayawei et al., 2017; Tan and Hameed, 2017).

2.5. Adsorption kinetics

The kinetics of the adsorption process can be described by knowing the solid structure and phase equilib-
rium. The mechanism of this process consists of three stages. The first is the penetration of the substance
adsorbed from the fluid phase core into the outer surface of the adsorbent (external diffusion). The second
is the diffusion of the adsorbate in the adsorbent pores (internal diffusion). The last step is the adsorption
of the adsorbed component on the outer and inner surface of the pores called the actual act of adsorption
(Rashidi et al., 2013; Qiu et al., 2009).

The rate of the adsorption process is the increase in the amount of substance adsorbed in time qt = f (t).
Kinetic coefficients are determined based on the results of adsorption kinetics measurements on single
grains or on thin layers of adsorbent. Internal diffusion describes the effective diffusion coefficient. External
diffusion describes the mass transfer coefficient. The kinetic properties characterizing the adsorption rate
inform about the mechanisms of the process in a given system and depend on: initial concentration, contact
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time and adsorbent mass. Kinetic models are very helpful in recognizing mechanisms (Petrus et al., 2006;
Thomas and Crittenden, 1998).

To correlate models with kinetic experimental data pseudo-first order and pseudo-second order reaction
models were selected.

2.5.1. Pseudo-first order (PFO) equation

In 1898, Lagergren presented a pseudo-first order equation to describe the kinetics of the adsorption
process. This equation is considered the initial model, which refers to the adsorption rate based on the
adsorption capacity and can be represented in a linear form (Petrus et al., 2006):

ln
(

qe1

qe1 − qt1

)
= k1t (14)

Equation (14) can be transformed so that it is possible to calculate the concentration of the adsorbed
substance in the solid grain after a specified time t (Petrus et al., 2006; Qiu et al., 2009):

qt1 = qe1
(
1 − e−k1t

)
(15)

The values of pseudo-first-order kinetic parameter k1 and qe1 are determined from the slope and intercept
of the plots of ln(qe1 − qt1) versus t. If the model is applicable, the relationship should be linear.

2.5.2. Pseudo-second order (PSO) equation

In 1995, Ho described a pseudo-second order kinetics, which can be represented by a linear equation
(Petrus et al., 2006; Qiu et al., 2009):

1
qt2
=

1
k2q2

e2
+

t
qe2

(16)

r2 = k2q2
e2 (17)

Eq. (16) can be transformed into a form describing the change in adsorbate concentration in the sorbent in
a specified time t (Petrus et al., 2006; Qiu et al., 2009; Rashidi et al., 2013):

qt2 =
q2
e2k2t

1 + k2qe2t
(18)

The pseudo second-order kinetic constant k2 and the theoretical equilibrium adsorption qe2 can be obtained
from the slope and intercept of the plots of t/qt2 versus t. If the model is suitable, the relationship should
be linear.

3. RESULTS

Figure 1 shows a comparison of adsorption isotherms of water vapour (Fig. 1a) and carbon dioxide (Fig. 1b)
on zeolite 13X between our own experimental data with data found in other papers for the temperature
of 293 K. The highest adsorption value for water vapour was obtained by Kim et al. (2016) and it is
18.86 mol/kg under pressure of 2200 Pa. For carbon dioxide the highest adsorption value was obtained by
Ling et al. (2014) and it is 4.34 mol/kg under pressure of 102 300 Pa.

http://journals.pan.pl/cpe 201



Kamila Zabielska, Tomasz Aleksandrzak, Elżbieta Gabruś, Chem. Process Eng., 2020, 41 (3), 197–208

a) b)

Fig. 1. Comparison of experimental isotherms for water vapour adsorption with other researchers onto zeolite 13X
at 293 K (a) and for carbon dioxide (b)

The graphs (Figs. 1a and 1b) show that the use of the same type of adsorbent, but different manufacturers
requires experimental determination of adsorption equilibrium every time (Costa et al., 1991; Kim et al.,
2003; 2016; Lee et al., 2002; Ling et al., 2014; Zabielska et al., 2018).

As a result of measurements, the adsorption isotherms for water vapour–zeolite 13X system were deter-
mined at temperatures: 293 K to 393 K and under pressures up to 2100 Pa (Fig. 3).

The shape of isotherms for the water vapour-zeolite 13X system for different temperatures indicates that
we are dealing with isotherms of type II according to the IUPAC classification (Fig. 2). This type describes
adsorption on macroporous adsorbents showing strong and weak adsorbate-adsorbent interactions. Ad-
sorption capacity increases in proportion to the pressure, this increase is decreasing, then reaches a constant
value and slowly increases due to capillary condensation.

Fig. 2. Experimental isotherms for water vapour adsorption onto zeolite 13X
at various temperatures
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Fig. 3. Experimental and correlated (Sips equation) isotherms for water
vapour adsorption onto zeolite 13X at various temperatures

The experimental and correlated by the Sips model isotherms for water vapour-zeolite 13X system at
various temperatures and under pressures up to 2100 Pa are presented in Fig. 3.

The highest adsorption capacity of 15.93 mol/kg was obtained at a temperature of 293 K and a pressure
of 2104 Pa. During the temperature increase the adsorption capacity was decreased, and at 393 K it was
7.31 mol/kg for 2120 kPa. The multitemperature adsorption isotherm models of Sips and Toth were fitted
to the experimental data. The obtained values of isotherm parameters for all the equilibrium models and
error functions are presented in Table 2.

Table 2. Multitemperature adsorption isotherm parameters and error functions for Sips and Toth model for the
water vapour-zeolite 13X

Isotherm model Parameter ARE RMSE χ2 R2

parameter value % – – –

Sips
a0S , mol/kg 5.9812
a1S , mol·K/kg 2476.662
a2S , mol·K2/kg 16.3604
b0S , Pa−n –13.562 6.08 0.466 5.633 0.9870
b1S , Pa−n·K 3690.997
b2S , Pa−n·K 20.609
n0S , – 0.728
n1S , – –55.803

Toth
qm, mol/kg 15.487
b0T , Pa−n 3432.389 6.41 0.467 6.950 0.9857
nT , – 0.366
∆H , J/mol 57209.177
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The best fit to the experimental data for water vapour on zeolite 13X was obtained using the Sips model
with the following error demonstration: ARE = 6.08%, RMSE = 0.466, χ2 = 5.633 and R2 = 0.9870.
Toth model also demonstrates good fit for water vapour – zeolite 13X system.

Kinetic curves for water vapour were determined for temperatures 293, 313, and 348 K and under pressure
1000 Pa and in the time range from 0 to 2000 s. These curves are compared with kinetic curves for carbon
dioxide, which were carried out for temperatures: 293, 313 and 348 K and at a pressure of 5400 Pa in the
time range from 0 to 1000 s.

The results of fitting the pseudo-first order and pseudo-second order models to experimental data for the
kinetics of water vapour and carbon dioxide adsorption on zeolite 13X are shown in Figs. 4 and 5.

a) b)

Fig. 4. Experimental and correlated (pseudo-first order model (a), pseudo-second order model (b)) kinetic curves for
water vapour adsorption onto zeolite 13X at various temperatures

a) b)

Fig. 5. Experimental and correlated (pseudo-first order model (a), pseudo-second order model (b)) kinetic curves for
carbon dioxide adsorption onto zeolite 13X at various temperatures
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The obtained values of constants for selected pseudo-first order, and pseudo-second order models for water
vapour and carbon dioxide on zeolite 13X and error functions for individual temperatures are presented in
Tables 3 and 4.

Table 3. Kinetic parameters for pseudo-first order model and error functions for water vapour and carbon dioxide on
zeolite 13X

Parameter

Temperature, K

293 313 348 293 313 348

Water vapour Carbon dioxide

qe1, mol/kg 12.796 11.793 9.682 1.8535 1.17537 0.573246

k1 · 103, 1/s 3.05 3.505 4.113 2.595 4.565 5.38

ARE, % 2.31 5.30 11.15 28.31 16.22 19.06

RMSE, – 0.352 0.276 0.5423 0.432 0.183 0.111

χ2, – 43.43 70.46 190.74 496.4 129.28 82.89

R2, – 0.9849 0.9915 0.9820 0.8390 0.9539 0.9567

Table 4. Kinetic parameters for pseudo-second order model and error functions for water vapour and carbon dioxide
on zeolite 13X

Parameter

Temperature, K

293 313 348 293 313 348

Water vapour Carbon dioxide

qe2, mol/kg 14.065 13.123 11.111 1.879 1.2299 0.588

k2 · 104, kg/(mol·s) 6.78 4.594 4.411 84.66 177.5 601.53

r2, mol2/(kg2·s) 1.385 0.086 0.049 298.904 268.496 207.975

ARE, % 6.42 2.86 2.94 1.76 1.16 0.46

RMSE, – 0.869 0.378 0.287 0.029 0.015 0.003

χ2, – 211.62 44.35 29.681 1.14 0.451 0.027

R2,– 0.9967 0.9956 0.9953 0.9993 0.9997 1

As can be seen from Tables 3, 4 and in Figs. 4, 5, the pseudo-first order model does not reflect CO2
kinetics, and for water vapour the temperature effects on the kinetics (fitting errors increase significantly).
Therefore, the comparison of adsorption rates was made based on the pseudo-second order model, which
well approximates the kinetics for both adsorption systems. The values of the kinetic coefficients for CO2
are from 12 (293 K) to 136 (348 K) times higher than those for water.

Adsorption capacity of the zeolite 13X was found to be about five times higher for H2O (15.3 mol/kg
= 0.275 kg/kg) than that for CO2 (1.24 mol/kg = 0.055 kg/kg) for a pressure of 2000 Pa. These two
opposing aspects of CO2 and H2O adsorption on zeolite do not allow to apply predictive adsorptive
separation but require further research in a two-component system.
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4. CONCLUSIONS

The adsorption equilibrium measurements for H2O – zeolite 13X were conducted in a wide temperature
range (293 K to 393 K) and under pressures up to 2100 Pa. The highest adsorption capacity was at
a temperature of 293 K and it was 15.93 mol/kg. The best fit to the equilibrium experimental data was
obtained using the Sips model. Experimental data for H2O – zeolite 13X system were compared with
our previous measurements of CO2 – zeolite 13X system. The adsorbed mass of H2O was 5 times higher
(15.3 mol/kg = 0.275 kg/kg) than that for CO2 (1.24 mol/kg = 0.055 kg/kg). It seems that zeolite
13X adsorbed H2O much better than CO2, although in a column process the residence time was limited
and the process kinetics played a key role. Based on the experimental research of individual equilibrium
components and on literature reports (Hefti et al., 2014; Purdue and Qiao, 2018) it can be concluded that
zeolite 13X reveals high affinity to water vapour, which may result in a reduction in the efficiency of
removing carbon dioxide from flue gas.

The kinetic measurements were determined at temperatures: 293, 313, 348 K and under the pressure of
1000 Pa. The time needed to achieve equilibrium was about 2000 s. Pseudo-first order and pseudo-second
order reaction models were correlated with experimental data. Kinetic coefficients for H2O – zeolite 13X
system are compared with our previous study for CO2 – zeolite 13X system for the pseudo-second order
model. The kinetic coefficients for CO2 are from 12 (293 K) to 136 (348 K) times higher than that for
water, which indicates that CO2 can be adsorbed much faster than water vapour and is a competition in
access to the 13X zeolite adsorption surface.

An important issue of the gas mixture adsorption is to determine the real interaction between the gas
components and the adsorbent. Future two-component studies are necessary for deeper analysis. The
problem of humidity influence on carbon dioxide adsorption on zeolite 13X can be solved, in practice, by
using an additional desiccant layer in which moisture contained in the flue gas will be removed.

The experimental and simulation results of equilibrium and kinetics are the baseline studies for future
research of cyclic adsorption processes such as Pressure, Temperature, and Vacuum Swing Adsorption.

SYMBOLS

a0S Sips isotherm parameter, mol/kg
a1S Sips isotherm parameter, mol/(kg· Pa)
a2S Sips isotherm parameter, mol· K2/kg
ARE average relative error, %
b0S Sips isotherm parameter, Pa−n
b0T Toth isotherm parameter, Pa−n
b1S Sips isotherm parameter, Pa−n· K
b2S Sips isotherm parameter, Pa−n· K
k1 rate constant for pseudo first-order kinetics, 1/s
k2 rate constant for pseudo second-order kinetics, kg/(mol·s)
n number of experimental points
nT Toth isotherm parameter, –
n0S Sips isotherm parameter, –
n1S Sips isotherm parameter, –
r2 initial adsorption rate, mol2/kg2·s
RMSE root mean sum-of-squares error, –
q adsorption capacity, mol/kg
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qe1 theoretical equilibrium adsorption in PFO model, mol/kg
qe2 theoretical equilibrium adsorption in PSO model, mol/kg
qexp experimental adsorption capacity, mol/kg
qm Toth isotherm parameter, mol/kg
qsim calculated adsorption capacity, mol/kg
qt1 amount of adsorption at time in pseudo-first order model, mol/kg
qt2 amount of adsorption at time in pseudo-second order model, mol/kg
R universal gas constant, J/(mol· K)
R2 coefficient of determination
P partial pressure of the adsorbate, Pa
t time interval, s
T temperature, K

Greek symbols
∆H heat of adsorption, J/mol
χ2 chi-squared statistics
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