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ARTICLE INFO ABSTRACT
Keywords: The screening of adsorbents (zeolites, MOFs, ACs, etc) requires the measurement of adsorption equilibria and
Gas Adsorption Equilibria kinetics at the milligram scale. In this regard, a volumetric apparatus (constant volume variable pressure — batch

Volumetric Technique
Kinetics of Sorption
Statistical Analysis
CO,, adsorption
Binder-free 4A zeolite

adsorber) has been developed for studying adsorption equilibria and kinetics of sorption. Its validation was
accomplished by studying the adsorption equilibria of carbon dioxide (CO3), methane (CH4) and nitrogen (N3)
and the kinetics of sorption of CO, on commercial binder-free 4A zeolite. The data collected has an acceptable
agreement with already published values by a gravimetric and breakthrough flow technique. The isotherms were
modeled using Sips model from low pressure till 8 bar at 303, 343 and 373 K. The sorption kinetics of CO5 was
measured from the uptake rate experiments and fitted with a solid-film linear-driving-force model (LDF). It was
observed that the LDF mass transfer coefficients increase with pressure and temperature. Finally, the statistical
analysis of the data was performed by Response Surface Methodology (RSM) to determine the interactions among
process variables such as temperature and pressure in the respective gas adsorption equilibria data.

gravimetric technique, as a clear and direct method, the loading ca-
pacity is calculated by measuring the mass of sample with a magnetic
suspension balance before and after experimental tests [10]. In spite of
it’s accuracy, this method has some drawbacks including: considering
the buoyancy effect on the volume of system, lack of flexibility for
multicomponent studies and high cost of the unit [11]. In return, in the
volumetric technique, the uptake capacity of samples is simply calcu-
lated using the pressure drop. Checchetto et al. [10] reported that the
accuracy of volumetric technique is higher than the gravimetric one
since recording pressure changes is easier than measuring minor varia-
tions in the mass of sample.

The Development of the volumetric technique for measuring gas
adsorption equilibria is date back to the early of 20th century, by Sie-
verts, which considered a glass volumetric apparatus for absorption and
diffusion of gases [11]. This early volumetric apparatus passed it’s
evolution and was improved by pressure measurement, temperature
control and performance elevation for different gas adsorption processes
[12,13]. Conventional volumetric units are generally required gram-
scale quantities of adsorbents [14,15], which by considering the
required time to synthesis, cost and loading capacity of novel samples

1. Introduction

Nowadays, one of the world challenging issues is the global climate
change and rising level of greenhouse gases (GHGs) in the atmosphere,
originating from anthropogenic activities [1,2]. This environmental
concern deriving from the combustion of coal, petroleum and petro-
chemical industries [3,4] is expected to be intensified as consequence of
economic growth and industrial development [5-7]. In this context,
carbon capture and storage technology has been introduced as a
promising policy to reduce the GHGs emissions as well as decrease the
mitigation costs of relevant industries [8]. On the other hand, due to the
limitations of fossil fuels resources, attempts have been intensified to
develop renewable sources of energy such as biogas [7,8]. To this end,
numerous researches are devoted to find out highly efficient processes
for trapping and separation of GHGs. Among different considered
technologies [1], adsorption onto porous solids was introduced as one of
the attractive strategies [9]. In this way, gravimetric and volumetric
techniques were introduced as main techniques, which have been
mainly employed for gas storage and separation studies. In the
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Nomenclature

Bs affinity constant (Sips model), -

Cp bulk concentration, mol. cm

Cho initial bulk concentration, mol. cm

D diffusivity, em?.s7!, defined in Table 2

K secant of adsorption equilibrium isotherm (or local slope)
in respective differential sorption uptake, -

K ratio between amount of sorbate in solid phase at

equilibrium relatively to amount in gas phase in the
respective sorption uptake, -

K parameters in the temperature-dependent Sips model, mol
kg

K, parameters in the temperature-dependent Sips model, mol
kg 1K

K3 parameters in the temperature-dependent Sips model, k Pa
1

K4 parameters in the temperature-dependent Sips model, K

Ks parameters in the temperature-dependent Sips model, -

Ke parameters in the temperature-dependent Sips model, K

kipr linear-driving force mass transfer coefficient, st

M molecular weight g. mol

m mass of adsorbent in adsorption cell, g

n Sips isotherm model parameter, -

P pressure, bar

Q adsorbed concentration, mol. kg !

9m,s saturatin adsorbed capacity, mol. kg
R universal gas constant, J mol 1 K !

T time, s

T temperature, K

\Y% Volume, cm®

y average of experimental values in RSM model
Vi experimental values in RSM model

¥ estimated data in RSM model

VA compressibility factor, -
Subscripts/Superscripts

A _cell Adsorption cell

exp experimental

cal calculated

ref reference cell

sor sorbate

* before gas expansion

n-1 previous experiment

Greek letters

€ particle voidage

N, radius, cm

g gas density, kg. m ™3

Py particle density, kg. m 3

€ residual error, -

AHjso isosteric heat of adsorption, kJ. mol -1

(particularly in the cases of MOFs and COFs) is one of the main draw-
backs of developed apparatus. On the other hand, available commercial
instruments to measure isotherms volumetrically in the milligram scale
have also some restrictions [16]. Generally, these type of units dont have
too much flexibility regarding studies in different adsorption systems
including: 1) pressure and temperature ranges (e.g. for cryogenic
studies), 2) type of adsorbents (powder, beads, pellets, 3D printed car-
bons, monoliths, etc.), 3) the size and the ratio of adsorption cell to the
reference cell. At the same time, supplying commercial units require a
high budget than home-made ones.

In the volumetric unit, the critical overview is the description of the
setting up of the process and specifying the accurate volumes, including:
reference volume, adsorption volume and dead volume, to acquire
precise gas adsorption results [17-19]. Nevertheless, few studies have
been devoted to accurate description of designing procedure and volu-
metric calibration as main aspects of assessment of adsorbents screening
and isotherms evaluation [18-20]. In some cases, researchers [19,20]
utilized the liquid technique (toluene or water) for calibrating the
reference cell. This technique encompasses some problems such as using
liquid to fill the reference cell is not appropriate and precise; also, this
technique is offline method, which limits the capacity of this method
[17]. On the other hand, detailed analyses of developed volumetric units
and the calculation procedure of the absolute mass of adsorbed gases
onto the adsorbents were not also well documented in the literature,
while they are key elements to acquire reproductive data [21-23].

In this study, based on scope of CCS technology, a volumetric
apparatus was designed, constructed and calibrated to assess the gas
adsorption equilibria measurements in the milligram scale from low
pressure till high pressure in a broad temperature range, with the par-
ticularity of using a circulating gas in a closed loop, to extend the
measurement of data for multicomponent systems. In this way, the basic
principles related with its construction, calibration procedure and data
acquiring are highlighted. The unit has been developed and validated by
measuring adsorption equilibria isotherms of carbon dioxide (CO2),
methane (CH4) and nitrogen (N3) on 4A binder-free zeolite, while other
gases including hydrogen (Hj) or different adsorbents such as metal

organic frameworks (MOFs), activated carbons (ACs) and etc. can also
be considered in future works. Finally, uptake rate measurements were
also recorded and a solid-film linear-driving-force batch adsorber model
developed to calculate mass transfer coefficients related with the ki-
netics of sorption, and the statistical analysis of the adsorption equilibria
data performed by Response Surface Methodology (RSM) strategy.

2. Experimental apparatus
2.1. Materials

In this study, the employed gases including CO,, CH4 and N3 as
sorbate and helium (He) as inert gas, were supplied by Air Liquide, in the
following purities: COy (99.98%), CHs (99.95%), nitrogen (N3)
(99,99%) and He (99.95%). In addition, the binder-free beads of 4A
zeolite were supplied by Chemiewerk Bas Kostritz GmbH (Germany)
having a diameter range of 1.6 to 2.5 mm, made from crystals of 4A
zeolite with an average size around 1 um. The synthesis and charac-
terization of this adsorbent can be found elsewhere [24,25]. It is worth
noting this adsorbent has been studied in this work because of the
following reasons: first of all, 4A zeolite has a higher selectivity for
separating mixtures of CO2/N3 and CO2/CH4/N3 than other competitive
zeolites (e.g., 13X zeolite), which nominates it as an excellent candidate
for separation processes on post-combustion and biogas upgrading
adsorption technologies [26-28]. Also, the small pore size of zeolite 4A
allows the measurement of reliable kinetic mass transfer coefficients for
CO, in macroscopic systems (if uptake rate data is properly analyzed)
[24]. Furthermore, the adsorbent studied is relatively in a new form of
binder-free beads that is available for large-scale applications [29].

2.2. Equipment design

The volumetric apparatus contains two independent volumes
including a reference cell and adsorption cell, which are connected by a
needle valve. The pressure variations are monitored/recorded by a
pressure transducer with high accuracy of + 0.08% BSL (linearity,
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hysteresis and repeatability combined) and long-term stability (1-Year),
+0.1% full scale (FS) typical, in a pressure range of 0-50 bar (provided
by Omega Co.). The considered cells were designed in a batch loop,
which circulates the adsorbate gases by a circulating pump, operating in
the pressure range of —100 mbar (vacuum) till 150 bar. (Thomas Co.).
This arrangement is important for extending the unit to multicomponent
adsorption equilibria studies [13,14]. The temperature of the reference
cell volume and adsorption cell are controlled by a thermocouple and a
chromatographic oven, respectively. The temperature of the chro-
matographic oven covers the maximum temperature of 623 K (SRI Co).
Also, the helium flow rate during the desorption step (for the regener-
ation of the adsorbent) was controlled via a mass flow controller (MFC),
with operation rate of 0 to 100 ml/min and an accuracy of + 1.0% full
scale (Aalborg Co.). In addition, a vessel with a volume of 40 cm® was
employed for calibration of the total volume of the system. All other
tubing, fitting and adaptors were 316 stainless steel in 1/8” diameters,
supplied by Swagelok Co. All detailed description of this apparatus is
reported in Table S1 (Supporting Information).

2.3. Volumes calibration

The designed volumetric apparatus is depicted in Fig. 1. Knowing
accurately the volumes of the reference and adsorption cells and all dead
volumes are fundamental steps for the adsorption equilibria studies. To
this end, a vessel by 40 cm® volume was employed for the calibration
procedure. Initially, all parts of the unit remain under vacuum, then a
certain pressure of helium gas (15 bar) was fed to the calibration vessel,
after that, valve-6 was closed and the system depressurized to the at-
mospheric pressure. Now, the residual volume, which is the line be-
tween the vessel and other cells (specified by light blue in Fig. 1), was
determined by opening the valve-6, while other valves (V-5, V-7, V-9, V-
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14) were closed. This volume was calculated by recording the new
pressure and employing the ideal gas law (PV = nRT). Then, once again,
by closing the V-6, the unit was depressurized to the atmospheric
pressure. In a similar procedure, by knowing the gas pressure in the
vessel (from the previous step), the volume of reference cell was
calculated. At the end, while the residual volume and reference cell have
already been specified, by pressurizing the calibration vessel to 15 bar,
the volume of adsorption cell was determined. Specific properties and
calibration details of the developed unit are presented in Table 1.

Table 1
Specific properties and calibration details of the developed volumetric unit.

Specific Properties of 4A Binder-less Zeolite (4A BFK 1.6-2.5 mm) [24]

Parameter Numerical Values unit
Total Intrusion Volume 3.5 x 10* m? kg~!
Surface Area (Mercury intrusion) 3.49 x 10° m? kg !
Surface Area (CO, Physisorption) 5.01 x 10° m? kg~!
Average Pore Diameter 3.61 x 107 m
Apparent Density 1109 kg m~3
Solid Density 1707 kg m—®
Skeleton Density 2225 kg m~3
Volumes of Specific Parts of the Unit

Parameter Numerical Value unit
Reference Volume 44 em®
Adsorption Cell 2.5 cm®
Residual Volume 0.8 cm®
Mass of Adsorbent Used in the Experiments and Ambient Air Conditions
Parameters Numerical Value unit
Mass of Raw Sample ~0.437 g

Mass of Activated Sample ~0.402 g
Ambient Temperature 298 K
Ambient Pressure 1 bar

[ ———
4 Y

€n

a8

-1
2
-

V4

Vacuum
Pump

Fig. 1. Detailed description of the developed volumetric unit for measuring gas adsorption equilibria and kinetics of sorption.
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3. Operation of the volumetric apparatus
3.1. Experimental procedure

Prior to data acquisition and measurement of the adsorption equi-
librium isotherms, the following steps were required. First the adsorp-
tion cell was charged by the adsorbent sample, then to remove any
moisture or impurities, the sample was activated by passing the helium
gas in the adsorption cell (with a flowrate of 20 ml/min) at 573 K, under
vacuum, by a heating rate of 1 K/min and let thereafter at a constant
during a period of at least 12 h. During the activation process, valves (V-
7 and V-11) were closed and other valves opened. The experimental
methodology of the volumetric technique (constant volume variable
pressure) consists of sequential steps of gas injection to the adsorption
cell (pressure steps), following the subsequent change of pressure due to
the change of the amount adsorbed in the approach to a new equilibria
state under the desired operating conditions. For starting the gas
adsorption measurements, pure gas (CO,, CH4 or Ny) was introduced to
the reference cell, while valves (V-7, V-11: V-14) were closed to supply
the reference pressure. Then, V-8 was closed and V-11 and NV-2 were
opened, afterwards, the adsorption process started. Following this, V-13
& V-14 were opened and the circulating pump was turned on, simulta-
neously. The pressure was continuously monitored and recorded until
the new equilibrium condition is attained. This procedure was repeated
as many times as the number of steps needed (by considering small
pressure steps) to set-up the adsorption equilibrium isotherm. It is worth
mentioning that before all pressure steps, including: calibration, acti-
vation and experimental tests, the leak test was performed by expanding
the inert gas (Helium) to the system at high pressure (around 20 bar) and
ambient temperature (for at least 12 h).

3.2. Data treatment

The volumetric principle is a straightforward technique for gas
adsorption measurement [30,31]. Each run contains two fundamental
steps including: gas injection to the reference cell and gas expansion to
the adsorption cell. The amount of sorbate gas on the adsorbent is simply
calculated by measuring the pressure variations between the initial and
final equilibrium uptake. In this way, a mass balance is applied on the
control volume. Hence, the mass of sorbate in the system, before
expanding the gas to the adsorption cell (when valves V-11 and NV-2 are
closed in Fig. 1), is calculated by [19,20]:

. “
My = My + 1My oy + Msorn-1 (@]

here, m,.is the mass of gas in the reference cell, also m,_;, , and
Myorn-1indicate the mass of gas in the adsorption cell and the sorbate
amount from the previous step. Next, the mass of sorbate after gas
expansion is measured by:

My = My + My gy =+ Msor (2

which, my,s, ma_can and my,-are the same variables from the previous
step for new adsorption equilibrium condition. Now, by employing the
law of conservation of mass and considering: ‘mRTZ = PVM’, one can
measure the amount of sorbed gas by [19,20]:

M " "
Myor = 2o [P vet Viet T Pa_cotin—1Va_cett = PregVier — P A,LmVA,wu] + Mgorpnoi
3

here, M is the molecular weight of gas, R and Z are the universal gas
constant and compressibility factor, respectively. Also, P, T and V indi-
cate the pressure, temperature and volumes of reference and adsorption
cells before and after gas expansion (more details can be found in
Nomenclature). This equation simply shows that the loss of mass in the
control volume is balanced by obtaining the mass sorbed by adsorbent
particles. Then, the adsorbed amount (q (mol/kg)) is calculated by
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considering the molar weigh of sorbate gas and mass of sample. After-
wards, to obtain the absolute adsorption value, based on the Gibbsian
surface model, a correction is required [32-35], which is expressed by:

q=q +vpp, @

that vp and p, are the specific pore volume of the adsorbent and the
gas density at the equilibrium temperature and pressure, respectively
[35,36].

4. Theory
4.1. Adsorption equilibrium

In the recent decades, several isotherm models have been proposed
for the description of the adsorption equilibria [37]. All of the proposed
models are dominated by three major principles including: kinetic
considerations, thermodynamics and potential theory [37-40]. Among
the different adsorption equilibrium isotherm models, Langmuir, dual-
site-Langmuir, Freundlich and Sips can be considered for describing
Type I isotherms, that is the most frequent type observed in commercial
zeolites [41]. The empirical Sips isotherm as a combination of both
Langmuir and Freundlich models is very flexible for modelling gas
adsorption equilibria for the design of adsorption processes, which is
defined by:

" s (B.P)""

= Ims\BsT) 5
1+ (B,P)'/" 2

here g, and B, are the saturation capacity and affinity constant,
respectively and n is a parameter that describes the degree of hetero-
geneity of the adsorbent that is generally higher than unit. To obtain an
acurate description of the equilibrium data in different temperature
ranges, it is helpful to develop an isoherm model considering the tem-
perature dependency for its parmeters [42]. In this sense, the saturation
capacity parameter of the Sips model(qm_s) can be calculated by:

qms = Ki + Ko T (6)

Also, the affinity constant (Bs) and exponent (n) based on the
temperature-dependent Sips isotherm model are defined by [42-44]:

Bs = Kzexp(K4/T) )

n=Ks+Kg/T ®)

In this study, the standard deviation between model values and
experimental data is calculated by:

)]

4.2. Isosteric heat of adsorption

In this study, the isosteric heat of adsorption was also estimated
using the Clausius-Clapeyron equation as [44,45]:

(— AH,,) = RT? (M) 10)
q:C(mS!am

oT
where P, Tand R are the gas pressure, the temperature of system and
universal gas constant, respectively. Also, AHj,is the isosteric heat of
adsorption, assuming its independency from temperature, and by inte-
grating from Eq.10, one can obtain [46-48]:

AH,
Inp = constant — ~Hiso 11
np constan, ( )

Eq. (11) is a useful tool to calculate the isosteric heats of adsorption
directly from the experimental data.
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4.3. Kinetics of sorption

A solid-film-resistance linear-driving-force model (L.D.F) was
considered to describe the mass transfer of the sorbate between the bulk
gas and solid phases in the volumetric unit studies, which provides a
mathematically simple description for the sorption kinetics, from where
the rate coefficients are a valuable tool to describe the dynamics of
sorption in fixed bed columns [49].

This approach developed by Sircar [50] for describing the kinetics of
experimental uptake rate data for constant sorbate concentration sur-
rounding the adsorbent (infinite system), is applied now here to obtain
the kinetic information from the transient uptake in the case of constant
volume variable pressure batch adsorber (finite system), also called
piezometric system. Do and Rice [51] developed a solution that can
applied for this case by assuming a parabolic profile of the sorbate inside
the adsorbent particles (similar as the LDF approach). The solution is
presented here (with an appropriately redefinition of the variables) for
the direct calculation of the mass-transfer coefficient k;pr, based on the
Glueckauf approximation for a spherical particle (where k;pr is equal to
15D/R?), being the solution for the uptake rate for an isothermal system
(finite system volume variable pressure) of the batch adsorber given by:

/

c, 1

expl — (1 + K Yyprt] 12)

K
= + Ty
Co (K+1) (K+1)

where Cb andCp, are the bulk and initial bulk gas concentration
(pressure), respectively, K is the ratio between the amount of sorbate in
the solid phase at the equilibrium relatively to the amount in the gas

phase in the respective sorption uptake given by K = M{ Also, K is

the secant of the adsorption equilibrium isotherm taken between the
initial and final pressure uptake or the respective differential slope
assuming it as being practically linear in such range, as well as k;pr is the
so-called linear-driving force mass transfer coefficient. If we define now

the fraction of the sorbate adsorbed by the adsorbent as 1 = %,

where Gy, is the final equilibrium concentration and take K' = ﬁ, we
can get the fractional uptake curve for the batch adsorber for a finite
system volume as,

_Cow-6G

= Cw C.” 1—exp[ — (14 K Ykuprt] 13)

F(t)
For very small values of K (infinite media) the result for an
isothermal system is the one shown by Sircar [50]:

F(t) = % =1 —exp[ — kiorl] as

It is evident that by comparing the fractional uptake calculated from
Egs (13) or (14), the effect of constant volume variable pressure
appearing in (Eq (13)) (through parameter K”) will lead to the calcula-
tion of a erroneously high apparent value for k; pr if neglected (Eq. (14)),
a result already highlighted by Ruthven [45].

Egs (12) or (13) for the constant volume variable pressure system
have two parameters: K and kipr, which one of them can be estimated
from the respective sorption uptake (I{'), and the other one (kipr)
calculated by the best fit of the experimental uptake rate data by mini-
mizing the error between the experimental and calculated values (Eq. 12
or 13). The previous equations can be a valuable tool for a rough esti-
mation of the lumped ki pr mass transfer coefficient, useful for the dy-
namic simulation and design of fixed bed adsorption processes [49],
calculated from independent piezometric studies in volumetric adsorp-
tion equilibria measurement units.

4.4. Statistical analysis by RSM

Response surface methodology (RSM) as a combination of statistical
and mathematical methods is a robust computing approach to experi-
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ments design, statistical analysis, optimization, and detecting the
interaction effects [52,53]. The first step to develop a RSM model is
finding the main independent variables of process as factors of the
model, which are defined in three levels coded as —1, 0 and + 1 [54,55].
Then, various regression analyses are employed to determine the
interaction effects between the considered factors and develop surface
response [56]. In this study, the statistical analysis of equilibrium
adsorption data was accomplished by considering the equilibrium
pressure (Pe) and adsorption temperature as main factors (independent
variables), which determine the adsorption loading (q) as response of
the process. In this sense, the analysis of the obtained experimental
values as well as the interaction effects of parameters have been eval-
uated using the Historical Data tool of the Design Experts software v.8.0
[1,57]. Afterwards, a quadratic polynomial function was employed for
fitting the experimental values, which contributes to:

¥ =Bo+Bix1 +Poxa + Proxixa + B1ix; + P + e (15)

Here, x; and x, represent the independent variables, and y is the
response surface. f;and f,are the linear coefficients of independent
variables, while the interaction effect between the main factors is
expressed by f,,. Also, f;and p,, are the quadratic coefficients of
operating conditions. In addition, f, and ¢ indicate the intercept coef-
ficient and residual error, respectively [1,57]. Then, the statistical
evaluation of developed model was performed to determine the best
coefficients of the quadratic model for experimental values as a signif-
icant model by using the analysis of variance (ANOVA) [55]. It is worth
mentioning that a significant model should have a non-significant lack-
of-fit and acceptable p-values [1,55]. Finally, the accuracy of model is
determined by evaluating the regression coefficients (R? and adjusted
R?) and the standard deviation, which defined by [56,57]:

n T 2

R — 1- Zin:l(yl )il)Z 16)
i 00— )

a7)

18)

here, y;, y;, and y represent the experimental results, estimated data,
and the average of experimental values, respectively. Also, P and n are
the numbers of predictors and experiments, respectively [52,57].

5. Results and discussion

The adsorption equilibria data of CO3, CH4 and N3 on binder-free 4A
zeolite by the developed volumetric apparatus in this work were
compared with the one measured from gravimetry in a magnetic sus-
pension microbalance, which has recently been studied [24]. There is
also a promising similarity with the one obtained by a breakthrough
technique [58]. Moreover, each compound has a different behavior on
binder-free 4A zeolite with a significantly different loading capacity,
which is also important to validate the performance of the unit in
different kind of sorbate-sorbent adsorption equilibria interactions.

5.1. Adsorption equilibrium isotherms

The adsorption equilibrium isotherms of CO2, CH4 and N at 303,
343 and 373 K obtained by the developed volumetric unit are repre-
sented in Figs. 2-4, respectively. As previously discussed, the Sips model
isotherm was applied to describe the experimental adsorption equilib-
rium data of CO3, CH4 and N3 on binder-free 4A zeolite, where the pa-
rameters are shown in Table 2. As expected, the hierarchy order of the
adsorption amount is CO2>>CHy4 > Ny, being the adsorption capacity of
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Fig. 2. Adsorption equilibrium isotherms of CO; on binder-free 4A zeolite at
303, 343 and 373 K measured in the volumetric unit and fitting with the
Sips model.

3 v " v . . .
CH, Isotherms
e Sips Model
¢ T=303K
4 T=343K
| sl
2 ¢ T=313K /(A/) -

Adsorbed concentration (mol/kg)
1

Pressure (bar)

Fig. 3. Adsorption equilibrium isotherms of CH4 on binder-free 4A zeolite at
303, 343 and 373 K measured in the volumetric unit and fitting with the
Sips model.

CO4, significantly higher at the lower pressure than for the other sor-
bates. The isotherms measured in this work and the ones reported by
using a gravimetric apparatus (the same samples) [24], are compared in
the Supporting Information (Appendix B). In addition, a comparison
between adsorption equilibria values of 4A zeolite for CO3, CH4 and Ny
loading using different adsorption techniques is also provided in the
Supporting Information (Appendix C). As can be seen in Figs. S1-S-3,
there is a close agreement between the values obtained by both methods,
which validates the performance of designed volumetric unit for
measuring gas adsorption equilibria. Isosteric Heat of Adsorption
The isosteric heat of adsorption for the CO5, CH4 and Ny calculated
by the Clausius-Claypeyron equation (Eq. (10)) is shown in Fig. 5. As
can be seen, the heat of adsorption follows the order CO; > CH4 > No,
also it has a decreasing pattern by increasing the loading. It is worth
noting that the isosteric heat of adsorption of zeolite 4A for CO,, CH4
and Ny were already reported in the literature around 40, 20 and 15
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2 . ’ ’ . . '

N, Isotherms

== Sips Model

¢ T=303K
A T=383K A
¢ T=373K /
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Fig. 4. Adsorption equilibrium isotherms of N5 on binder-free 4A zeolite at
303, 343 and 373 K measured in the volumetric unit and fitting with the
Sips model.

kJ.mol !, respectively [24,47,48], which are in the same range of the
observed values in this study.

5.2. Kinetics of sorption

The estimation of intrinsic mass transfer coefficients for the kinetics
of sorption taken from uptake rate data measured in constant volume
variable pressure (piezometric system) its not an easy task, due to the
possible intrusion of several extraneous effects in the respective kinetic
uptake especially in fast systems such as: 1) heat effects due to sorption
inside the column and respective dynamics of heat transfer to the sur-
roundings; 2) time constants from manifold valve opening; 3) integral of
differential diffusivities dependent of pressure step size; 4) extraneous
diffusion in the bed of porous particles, etc [45]. And most important of
all as shown by Barrer [59], since the volumetric system is itself a
macroscopic system the determination of time constants of diffusion will
be restricted to the half time of the uptake curve t; 5, which is simply for
a micropore diffusion control system equal to 2.x102 r2/D. (r. is the
radius of crystallites and D, the micropore diffusivity) or for a macropore
diffusion control equal to 2.x1072 RIZ, (1 + K)/Dp, (Rp is the radius of
beads and D, the macopore diffusivity), which means for example that
for half of the uptake and a particle with a crystal size of around 1 pm
(the size of most of the available commercial pellets/beads of zeolite
materials) the only allowable diffusivity to be calculated in a half time
response of 2.1 s in a volumetric/piezometric system is below 1x101*
m%/s .

Taken into account all these previous described limitations, an esti-
mate of the sorption kinetics of CO2 calculated from selected uptake
rates during the measurement of the adsorption equilibria data shown in
section 5.1 is possible (without too much error), being reported here
using the simplified kinetic model described previously in section 4.3.
For CHy4 and N3 such data is impossible to measure since the uptake rates
were too fast and data is unreliable. In this way, the calculation of the
lumped mass transfer coefficients (k;pr) from selected uptake rates of
CO4 (where most of the previous described extraneous effects are min-
imal) was performed using the batch adsorber model by applying Eq.
(12), and minimizing the error between the experimental and calculated
values. For such purpose, only some experimental uptake rates were
chosen (taken from small pressure steps) especially at the higher load-
ings, where the slope of the isotherm is relatively small (between the
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Table 2
Adsorption isotherm parameters of Sips model (temperature-dependent model) for CO, CH,4 and N, onto binder-free 4A zeolite.
Sips Model Isotherm Parameters Temperature-dependent parameters Sp
Gas: T (K) Gms(mol/kg) Bs n K; Ky x 10° K3
Ks Ks Ke
CO- 303 7.52 211 3.65 7.38 0.411 2.11 0.08
0.003 3.57 24.27
343 5.68 1.94 2.27 5.54 0.403 1.94 0.04
0.003 2.23 16.04
373 5.12 0.27 1.76 3.09 0.392 0.26 0.05
0.003 1.59 14.52
CH4 303 4.16 0.136 1.35 0.003 0.887 14.639 0.02
1.294 15.864
343 4.10 0.067 1.036 3.976 0.398 0.067 0.01
0.003 0.989 14.846
373 4.08 0.033 0.934 5.357 0.403 0.033 0.006
0.003 0.887 14.639
N 303 3.28 0.017 1.222 5.162 0.4 1.233 0.02
0.003 0.506 13.950
343 3.12 0.020 1.070 5.338 0.403 0.02 0.01
0.003 1.022 14.910
373 2.99 0.028 1.063 2.848 0.455 0.028 0.004
0.002 1.011 16.376
45 , ; , ; , ; :
| co.
40 ®eeeea.,, 2 4
e ren e dh e s
= E K T T PR J
ot L
) 35 el B JLC RN -
__\E ] ]
< 30 T T T T T T T
=%
= 34 3.6 3.8 4.0
g‘ 30 I I I I I I
= ] —— CH, |
8 ""'"""‘---.
*etmae,,
3 20_ - .-..-0--......._.... -
[y |
(=)
-
= 10
ﬁ "0.4 0.6 ' 0.8 "'1.0 '1.2 "1.4
[} 20 T T T T T
=
3 : N,
= 2
c ..’..'..0'....‘..‘.....‘..........-
7 16 - il
—_—
12 . , . , .
0.2 0.4 0.6 0.8

Adsorbed concentration (mol/kg)

Fig. 5. Isosteric heats of adsorption on binder-free 4A zeolite for CO,, CH4 and N as a function of the adsorbed amount in the temperature range of 303-373 K.

initial and final equilibrium conditions), being in this way at the same
time, the amount adsorbed in the uptake also small to decrease the
intrusion of possible heat effects. Fig. 6 shows the selected uptake rate
experiments and the respective fitting values. Also, the calculated pa-
rameters of the mass transfer coefficient (k.pr) are reported in Table 3.
As shown in Fig. 6, there is an acceptable agreement between experi-
mental and modeling results. Furthermore, as can be seen in Table 3, at
all considered temperatures, as the pressure and loading increase the
uptake rates become faster. The k;pr values range from 0.029 to 0.128
s~! between pressures 0.15 and 1.04 bar at 303 K. The same behavior is
observed at the higher temperatures, where the value of k;pr can reach

0.467 s~ ! at the pressure of 1.18 bar at 373 K. Several explanations can
be drawn for this pressure dependent behavior of the k;pr parameters
such as the decreasing slope of the isotherm as the pressure increases
(assuming the system is dominated by a macropore diffusion control)
[45], or the respective thermodynamic correction factor due to the
increasing loading according to the Darken relation (considering the
system is dominated by a micropore diffusion control) [59], or a mix of
both effects lumped in the k;pr parameter calculated. It is clear from
Fig. 6 that the enhancement of pressure and temperature lead to fast
uptake rates. In addition, the average values of the activation energy for
the k;prmass transfer coefficients are in the order of 19.5 kJ/mol. It
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Fig. 6. Uptake rate experiments of CO; at selected pressures and fitting with the batch adsorber model (Eq. (12)) at: (a) 303 K, (b) 343 K and (c) 373 K.

Table 3
Mass transfer (kipr) parameters calculated from the fitting of the batch adsorber
model (Eq. (12)) to the uptake rate data shown in Fig. 6.

Pe(bar) Koy K pod a kpp(s™)*

=303 K
Run-1 0.15 2.14 2.21 0.029
Run-2 0.42 0.69 0.64 0.078
Run-3 1.04 0.14 0.12 0.128
T =343 K
Run-1 0.22 1.12 1.24 0.049
Run-2 0.72 0.24 0.31 0.082
Run-3 1.22 0.12 0.10 0.317
T=373K
Run-1 0.30 0.73 0.85 0.068
Run-2 0.71 0.24 0.25 0.287
Run-3 1.18 0.14 0.12 0.467

* Estimated activation energy: 19.5 kJ/mol.

should be noted that the calculated values of k;prat 303 K shown in this
work are in the same order of the ones reported recently by Streb and
Mazzotti [49]. They reported linear driving force mass transfer co-
efficients for CO, in commercial zeolite 13X beads (a much open channel
structure than zeolite 4A) around 0.06 s~ lat298 K, being the values also
used also to simulate the dynamics of cyclic adsorption processes (VSA)
[60].

5.3. Statistical analysis

The statistical analysis of the volumetric equilibrium results was
performed by the Historical Data tool of RSM. To this end, the equilib-
rium values, which have been reported in Supporting Information
(Appendix C), were introduced as input values to develop the models.
Then, the significance of models and regression analyses were accom-
plished by Analysis of Variance (ANOVA) to determine the lack of fits, p-

Table 4

The results of analysis of variance (ANOVA) for the proposed polynomial models
for CO,, CH,4 and N using multiple regression analysis.

CO,, Sum of Mean Coded Standard df p-Value
squares squares Coefficient error
Model 27.95 6.99 4 <0.0001
T 15.40 15.40 -0.71 0.031 1 <0.0001
P 11.26 11.26 0.85 0.043 1 <0.0001
TxP 0.026 0.024 —0.048 0.053 1 0.3674
p? 1.90 1.90 —0.66 0.081 1 <0.0001
Residual  1.15 0.029 40 -
Total 29.11 - 44 -
CH4
Model 14.23 2.85 5 < 0.0001
T 3.10 3.10 —0.32 0.011 1 < 0.0001
P 6.60 6.60 0.72 0.017 1 < 0.0001
TxP 0.28 0.28 —0.092 0.011 1 < 0.0001
T2 0.12 0.12 0.037 6.569 x 107 1 < 0.0001
p? 0.17 0.17 -0.19 0.029 1 < 0.0001
Residual  0.15 3.856 39
x 10
Total 14.38 44
N2
Model 4.55 0.91 5 < 0.0001
T 1.87 1.87 -0.25 3.293 x 1073 1 < 0.0001
P 2.91 2.91 0.44 4,555 x 1073 1 < 0.0001
TxP 0.34 0.34 -0.19 5.646 x 1073 1 < 0.0001
T2 0.059 0.059 0.079 5771 x 10° 1 < 0.0001
p? 0.011 0.011 —0.051 8.631 x 10° 1 < 0.0001
Residual  0.012 3.152 39
x 107
Total 4.57 44
CO,, CH4 Ny
Std. 0.17 0.062 0.018
Dev.
R? 0.9604 0.9895 0.9973
Adj—R2 0.9565 0.9882 0.9970
Pred-R? 0.9334 0.9829 0.9961
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values, interaction effects as well as the accuracy of models. The
regression analysis for COy, CH4 and Ng uptake is provided in Table 4.
Also, the response surfaces for non-coded values of independent values
result in:

Gco, = 9.037 —0.019T +0.705P — 3.68 x 107*T x P —0.047P* 19)

Gen, = 13.52—0.072T +0.73P — 1.29 x 10T x P+9.34
x 1075T? — 0.015P* (20)

gy, = 7.91 —0.045T +0.64P — 1.46 x 107°T x P+6.46 x 107°T* —3.85
x 107 P2
21

According to the ANOVA results (Table 4), developed models are
significant accompanied by acceptable values for Standard Deviation,
Rz, Adj-R2 and Pred-Rz, which demonstrate the accuracy of obtained
approaches. Also, coded coefficients indicate that the linear coefficients
have determinative effects on the dependent variable than other ones
(which include: —0.71 & +0.85 for T & P of CO5, —0.32 & 0.72 for T & P
of CHy, and —0.25 & 0.44 for T & P of Ny). In addition, the negative
values of temperature and positive amounts of pressure for linear co-
efficients are in accordance with the Le Chatelier’s principle, which
elucidates the negative and positive effects of temperature and pressure,
respectively, on adsorption process [1]. Furthermore, these coefficients
demonstrate that the pressure dependency is the dominate factor in all
developed approaches. The ANOVA reveals that there are more inter-
action effects between considered factors for Ny adsorption over CO5
and CHy4. Regarding the surface plots (Fig. 7), as can be expected,
pressure increment resulted in the increase of adsorption loading in all
response surfaces, while the temperature enhancement has reduced the
uptake capacity. In addition, one can find in plots of Fig. 7, that the
pressure has a lower effect on equilibrium adsorption in the higher
temperatures [42,44].

I
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6. Conclusion

A simple volumetric apparatus was developed for measuring gas
adsorption equilibria and kinetics of sorption with samples of adsorbent
at the milligram scale, using a circulating gas with the possibility to
extended studies for multicomponent gas adsorption. The unit was
validated with binder-free beads of 4A zeolite for CO3, CH4 and N
adsorption from low pressure till 8 bar at 303, 343 and 373 K, by
comparing the volumetric results with available gravimetric and dy-
namic data available in literature. The Sips isotherm model (with tem-
perature dependent parameters) was employed to fit the CO,, CH4 and
Ny adsorption equilibrium data. The results showed an acceptable
agreement between the adsorption equilibrium model and experimental
values. The isosteric heat of adsorption was also calculated for CO, CHy
and N, with values around 40, 20 and 15 kJ.mol™ !, respectively. In
addition, the kinetics of sorption of the system was investigated from
uptake rate experiments for CO,. To this end, a developed batch
adsorber kinetic model (constant volume variable pressure) was
employed by considering a solid-film-resistance linear-driving-force
approach (LDF) for mass transfer. The values of the respective calculated
kipr parameters for CO, range between 0.029 and 0.128 s !at 303K,
0.049-0.317 s™! at 343 K, and 0.068-467 s ' at 373 K, all pressure
dependent at each temperature, but in the same range of already pub-
lished data in commercial zeolite adsorbents. Furthermore, the statisti-
cal analysis of measured equilibrium values was performed by RSM
strategy that proved the true behavior of developed unit and specified
the interaction parameters of the adsorption process. Finally, it can be
concluded that the simple designed volumetric unit is a valuable tool for
measuring adsorption equilibrium data and kinetics of sorption, which
by reporting all detailed descriptions and specifications of unit, as well
as discussing calibration and validation procedures can be a helpful
study for other adsorptive design processes.
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