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ABSTRACT

Adsorption equilibrium isotherms for N2, CO, and CHa4 on zeolite 13X were
investigated at three different temperatures (25.5, 50.5 and 75.5°C) and a pressure range
of (0-6.89475) MPa for CH4 and N2 and in the range of (0-4.82633) MPa for CO> using
built in volumetric apparatus. The results were validated using with a volumetric system
(ASAP) at the same temperatures and a pressure up to (160-110) KPa respectively. The
experimental results were correlated using three process Langmuir (TPLM). The
correlated isotherms were then used to calculate the isosteric heat of adsorption for the
three gases on 13X. The resulting data have been used to validate the measurements of
these systems and are available in the literature for comparison of zeolite 13X isotherms

with newly developed adsorbents.
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CHAPTER 1
INTRODUCTION

The slow but steady decline, despite continuous drilling of natural gas that is
considered both cheap and clean source of energy, have put the unconventional sources of
natural gas especially shale gas in center-stage. Shale gas and the unconventional sources
of natural gas have risen in recent years due to the economic feasibility of extracting these
unconventional sources which helped in transforming the energy sector in the United
States. Shale gas has been produced on a large scale, almost half the United States supply
of natural gas and is expected to make up 14% of the world energy by 2035 according to
the international energy agency (IEA). Shale gas which is usually found in low porosity
organic shale rocks is being produced by performing hydraulic fracturing and horizontal
drilling. Shale gas is mainly composed of methane and small fractions of C2, C3, CO2, N,
and a trace amount of other material such as H.S (refer to Table 1.1, 1.2, 1.3 and 1.4).
Fracking fluid is pumped into the well under high pressures which could be ranging from
3.44 MPa up to 85 MPa [1] [2] [3] [4] [5] [6]. After the fracking process is finished, the
produced shale gas needs to be sequestered and purified for future use.

High-pressure adsorption attracts research in recent years due to the rise in the
production of natural gas that results from unconventional sources such as shale gas.

Adsorption isotherms can be measured experimentally using different techniques, but



usually, the most common methods are volumetric and gravimetric. Volumetric method is
usually preferable in the laboratory due to its simplicity and low cost [7].

The separation and purification of a gas stream based on a selective adsorption on
a solid adsorbent material to produce a gas stream enriched with the less likely adsorbed
gas have been used widely in industrial applications [8][9][10]. Adsorption processes such
as pressure swing adsorption (PSA) and temperature swing adsorption (TSA) have gained
an increased interest in the past years in purification and separation processes. The
increased used of these processes is mainly due to low energy required and low capital cost
[10]. The most important criteria for choosing an adsorbent for PSA is its adsorption
working capacity and selectivity at the conditions required. The most common adsorbents
are activated carbon and zeolite due to their large internal surface and complicated pore
system [11]. Activated carbon is the most prevalent adsorbent used in separation and
purification processes as consequence of its low cost and large surface area [12] [13].
Zeolite, on the other hand, is a crystalline porous aluminosilicate that is being used in the
separation processes greatly due to its well-defined structure, surface basicity, the electric
field caused by exchangeable cations that are present in its framework, 3D pores and well-
defined diameter [8] [14] [15]. It was found that zeolite 13X (NaX) is one of the best types
of zeolite in the adsorption process due to its stability, higher capacity and rapid mass
transfer [15].

The development of PSA process design and simulation requires the knowledge of
the adsorption equilibrium data such as adsorption isotherms and the isosteric heat of
adsorption on a broad range of temperatures and pressures [12] [16]. Adsorption isotherms

represent the amount adsorbed (moles of adsorbate/gm of adsorbent) versus pressure at



constant temperature. The availability of isotherms data will help determine the critical
dimensions and operation time for adsorption processes design. The adsorption isotherms
could be of different shapes reflecting the type of the adsorbate-adsorbent interaction [17]
[8]. High-pressure adsorption isotherms are of particular importance considering that it
could be used for the separation, purification, and storage of the shale gas.

There have been many studies in the literature on high-pressure adsorption. The
adsorption equilibria of CO2, CO, N2, CHs4, Ar and H2 were measured on pelletized 13X
up to 1 MPa by Park et al [18] using volumetric technique for the temperatures (20, 35 and
50)C, the isosteric heat of adsorption was also measured from collating experimental
results using Langmuir and sips model. High-pressure adsorption isotherms on zeolite 13X
were also reported in the literature. The adsorption equilibria of CHs, N2 and CO», were
measured on 13X using the gravimetric technique at a three different temperatures (25, 35
and 50) C and in a pressure range of (0-5) MPa by Cavenati et al. [19]. Their results showed
that the adsorption capacity of CO2 on 13X is much higher than the other gases and that
13X could be used for natural gas purification or carbon dioxide capture [19]. High
pressure adsorption of CO2 on 13X using PSA was also investigated by Takamura et al.
[20].

In this work, the pure adsorption isotherms of different gases (CH4, N2 and CO3)
were measured using the volumetric technique on and zeolite 13X at three temperatures
(25.5, 50.5 and 75.5) C and in the pressure range of (0-6.895) MPa. The results obtained
on 13X were validated by comparison to the ones obtained by ASAP volumetric systems.
The heat of adsorption was also calculated for the three gases on13X zeolite using three

process Langmuir model (TPLM) These results can be considered as a reference data for



future researches, help in the evaluation of the adsorption capacity of recently developed
adsorbents and they could also help with the design of adsorption processes that contain
the studied gases under the studied conditions.

Tables (1.1, 1.2, 1.3 and 1.4) show the different possible composition for shale gas
for different areas and different sources.

Table 1. 1: composition values for Gas produced from Antrim Shale wells, USA (mol. %)
[21].

Well, state C1 C2 C3 CO2 N2
Northern 77.34-96.75 0-3.96 0-0.92 0.01-5.75 0.28-14.33
margin

Michigan

Western 60.37-92.48 0.06-6.64 0.07-2.63 3.42-7.47 0.10-28.84
margin,

Michigan

Central Basin, 57.80-81.16 4.94-11.92 1.87-4.90 0.04-0.17 0.51-36.19
Michigan

Southern 27.18-85.37 3.45-4.29 0.4-1 2.97-8.92 0.72-64.27
margin,

Indiana

Southern 62.24-73.17 0.07-4.76 0.25 0.17-4.46 28.00
margin, Ohio

Southern 45.46 5.78 1.8 2.89 43.52
margin,

Michigan

Eastern margin  84.62 6.13 1.65 1.22 6.03

, Michigan

Table 1. 2: Natural gas geothermal characteristic compassion from Jiaoshilba, China, shale
gas field [22].

C1 Cc2 C3 CO; N2
95.52-98.95 0.32-0.73 0.01-0.05 0.02-1.07 0.32-2.95

Table 1. 3: Molecular composition of Chestnut park and Clarington seep gases, USA, (vol.
%) [23].

sample Cl1 C2 C3 iC4 nC4 iC5 C6+ CO; N He H: C1

Chestnut 59.75 2348 1169 0.810 2.059 0.214 0.120 1553 0.244 0.005 0.058 59.75

Clarington 87.75 850 215 0.277 0400 0.090 0.056 0.07 491 0.075 0262 87.75



Table 1. 4: Longmaxi shale gas main component molecular composition (%) in southern
Sichuan Basin, China [24].

C1 C2 C3 CO N2
97.64-99.59 0.23-0.68 0-0.03 0.01-1.148 0.01-2.95



CHAPTER 2
EXPERIMENTAL

Materials

The zeolite 13X was supplied by Grace Davison (grade 544, 8x12 mesh size).
Helium, Nitrogen and methane were provided from PRAXAIR with a purity of 99.999,
99.999 and 99.97% respectively, while carbon dioxide was provided from Airgas with a
purity of 99.99%
Experimental Setup

Figure 2.1 shows a schematic of the volumetric setup used in this work. It consisted
of two volumetric cells: an antechamber of known volume (9) and a sample chamber (12)
separated by both a needle (10) and a ball valve (11). The needle valve is used to regulate
the flow between the two cells and the ball valve to isolate the cells from each other during
isotherm determination. Additional needle and ball valve pairs are also placed upstream
the antechamber (5 and 8) and downstream the sample chamber (13 and 14). The first pair
(i.e., valves 5 and 8) is used to regulate the flow into the antechamber and allow or not gas
into the antechamber during isotherm determination. The second pair (i.e., valves 13 and
14) are used to regulate and allow the flow leaving the sample chamber during regeneration
of the sample via gas purge, which is a step that is explained in more detailed later. The
pressure within these cells is measured by using three MKS pressure transducers (19, 20

and 21) that read up to 1000, 250 and 30 Psia, respectively. Two ball valves (17 and 18)



were used to protect the lower pressure transducers 20 and 21, respectively, when operating
at pressures that were higher than the maximum recommended values for each one of them.
A 15-micron filter (16) is used to protect the transducer from sample dust that may be
coming from the sample chamber. The temperature of the sample in the sample chamber
is measured by a K type thermocouple (15). A Pfeiffer (TSU 071 E) vacuum pump (7)
able to achieve a vacuum up to 5.4x10° mbar is attached upstream needle valve 6 is used
for both sample regeneration (also as explained later). A three-way valve (4) is connected
between the system and the vacuum pump with the common exit attached to the system so
that the system is depressurized via venting of via evacuation through the pump. Feed
gassed are admitted into the system through ball valve 1. A three-way valve (2) with the
common exit connected toward the feed is used to vent the lines prior to any run. The two
volumetric cells, valves 8, 10, 11 13, and 14, and the filter 16 are all placed within a
THERMOTRON temperature chamber to keep the temperature of the system controlled at
a constant valve during the isotherm determination. All tubing lines used within the
chamber were 1/16™ inch OD. The figure does not show band heaters and glass wool
insulation that are temporarily put around the sample chamber for regeneration. These band
heater and insulation are removed during isotherm determination or any run that is carried

out at lower temperatures.



1,3.8,11,13,17, 18 Swagelok ball valves
2,4 Three way swagelok ball valves THERMOTRON CHAMBER

5,6,10,14 Swagelok needle valves 15
7 Pefiffer Vacuum pump mod: TSU 071 E .
9 Antechamber cell (1L —
12 Sample chamber 12 i /

15 Thermocouple s ey
16 Filter of size 15 micron 1 13 14
19 MKS pressure transducer (0-1000) psia g +—F<t
20 MKS pressure transducer (0-250)psia ’

21 MKS pressure transducer (0-30) psia

22 Computer

23 Temperature controller

() =

Figure 2. 1: detailed schematic for the volumetric setup.

Sample Chamber

The sample chamber is described in figure (2.2) with detailed schematic (a) and
picture of the actual cell and parts involved (b). The chamber consisted of an upper flange
(11) containing a k-type thermocouple (2) previously described, a lower flange weld to the
sample holding bed (6), a cylindrical sample holder (7) and a mesh holder (4) both made
of aluminum, the mesh (10) is used to keep samples that consist of fine powders confined
within the chamber cell, and a copper gasket placed between the flanges to seal the chamber
cell from leaking (3). Depending on the sample holder, the sample chamber can contain up
to 20 g of sample (5). Eight bolts (1) are used to seal the system by bringing both flanges
against each other and squeezing the copper gasket. The tip of the thermocouple is placed
within the bulk of the sample as shown. The gas access (8) and exit (9) to and from the

sample chamber is done through sample holding bed wall. The corresponding gas lines are



connected to the sample chamber via 1/16™ ver fittings. Within the sample chamber, the
gas moves upward and downward through the space between the sample holder and the

inner wall of the sample chamber before and after it reaches the sample, respectively.

Figure 2. 2: a) Schematic of sample chamber and b) actual components of the sample
chamber.

Volume Determination of System Elements

The volumes of the antechamber V&, empty sample chamber V* (i.e., without
sample, mesh, mesh holder and sample holders), sample and mesh holder together V", and
the skeletal volume of the sample V2 are determined in different runs with helium and with
the aid of steel spheres of known volume V**". The following four runs are carried out. A
first run with the sample chamber being empty; a second run with the sample chamber
containing only the spheres of known value; a third run with the sample chamber
containing both sample and mesh holders and mesh but without the sample, and a fourth
run with the sample chamber containing both sample and mesh holders, mesh and a
regenerated sample. In all these runs the same following three steps are carried out. First,

the antechamber and sample chamber must be under complete vacuum. This is done by



evacuating these chambers that were originally under helium by opening valves 8, 11, and
the three-way valve 4 connecting the both chambers to the vacuum pump. All other valves
remain closed. Then, valve 11 and the three-way valve 4 are closed and valves 1, 3, and 8
are opened (with three-way valve 2 connecting helium to the antechamber) to let helium in
to pressurize the antechamber from vacuum to a desired pressure, by closing valve 8 again.
The pressure within the antechamber is let equilibrate to an initial pressure P'. Finally ball
valve 11 is opened to connect both antechamber and sample chamber. Thus, helium from
the antechamber is expanded into the sample chamber (12), which was originally under
vacuum. The pressure of the two connecter chambers is let to equilibrate to a final pressure
Pf,

The volumes of the antechamber and empty sample chamber are obtained from the

run with sample chamber being empty, for which the initial and final pressures are

Pl mpty and P/

empty » and the run with the sample chamber containing the spheres of known

volume V'SP for which the initial and final pressures are Siph, and P

sph according to the

expressions:

1

ac — ysph .
Ve =v —— 1)
?mpty_ _f:ph
Pémpty P.lsph
Pl .
VS — VaC . imp Yy 1 (2)
P
empty

10



The volume used by the sample holder, mesh holder and mesh V" is then obtained

from the pressures P}, and thfrom the run with sample chamber containing the holders
and the mesh without the sample according to:

f
Vh=V5—V“C-<P—’?—1> @3)

L
Py

Finally, the volume used by the regenerated sample is also obtained from the pressures

P!, and Psffrom the run with sample chamber containing all sample, holders and mesh
according to:

f
Va=VS—Vh—VaC-(P—S—1) 4

P
Sample regeneration.

Two types of regeneration were carried out on the zeolite 13X sample depending
whether the sample was a new sample or whether the sample was already tested with one
gas and required analysis with a different gas. In the first case, the sample is purged through
with the helium at a flow of no more than 50 cc/min. This was done by having the three-
way valve 2 connecting helium with the antechamber, and then opening valves 1, 3, 8, 11
and 13 while having the rest of the valves closed. Then the sample chamber is brought up
to 100 °C and kept there for an hour before the temperature is raised again to 350 °C to
leave the sample chamber at that temperature overnight. As previously indicated a band
heater and glass wool insulation was placed around sample chamber during regeneration.
Before cooling down, valves 3, and 13 are closed, the three-way valve 4 is adjusted to

connect the antechamber with the vacuum pump and the system is let fully evacuate. After

11



the system cools down, the band heater and glass insulation is removed and the
THERMOTRON chamber is set to the desired experimental temperature. In the case of
changing the working gas (i.e., adsorbate), the sample is purged through with the new
working gas at a flow of no more than 50 cc/min. This was done by having the three-way
valve 2 connecting the working gas with the antechamber, and then opening valves 1, 3, 8,
11 and 13 while having the rest of the valves closed. Then sample chamber is the brought
up only to 160 °C this time and kept there overnight. Again, a band heater and glass wool
insulation was placed around sample chamber during this time. This is done to remove any
traces of the previous working gas in the sample. After purging at 160 °C for an hour,
valves 3, and 13 are then closed, the three-way valve 4 is adjusted to connect the
antechamber with the vacuum pump and the system is let fully evacuate. Vacuum
regeneration at 160 °C is then continued overnight. After the system cools down, the band
heater and glass insulation is removed and the THERMOTRON chamber is set to the
desired experimental temperature.
Isotherm Determination

Isotherms of any of the three tested gasses (N2, CHs and CO2) were obtained by
setting the temperature controller of the THERMOTRON temperature chamber set at the
desired temperature. The isotherm determination process was initialized by first having
both antechamber and sample chamber under vacuum, with all valves closed except for
valves 1 and 3 and the three-way valve 2 that was set to connect the working gas with the
line feeding the antechamber through valves 3 and 8 (which is closed). The sample chamber
which contains the sample holder, the mesh holder, the mesh and a sample of zeolite 13X

of mass m? that has been previously regenerated. Valve 8 is then opened and the

12



antechamber is let pressurized till the desired pressure is reached by closing valve 8 again.
The antechamber is let equilibrate and initial pressure of this step P{ is recorded and the
total moles of the working gas into the system is determined based on thee known volume
of the antechamber VV* and assuming a real gas equation of state for the working gas. Then
ball valve 11 is opened and the gas from the antechamber is expanded into the sample
chamber. The connected antechamber and sample chamber are to let to equilibrate for the
next 60 min to have the final pressure of the step Plf recorded. The latter piece information
will help evaluate the first point of the isotherm. Valve 11 is then closed and valve 8 is
reopened to start the second step by refilling the antechamber with the working gas to a
new desired pressure by closing again valve 8. The antechamber is let equilibrate and the
new initial pressure P of the second step is recorded and then used together with Plf to
evaluate the new mass of working gas into the system. The valve 11 is reopened and the
system is again let to equilibrate for the next 60 min to get both the final pressure of step
two sz to evaluate the second point of the isotherm. Valve 11 is closed and the process of
opening and closing valve 8 and opening and closing valve 11 repeated up to the desired
pressures within the limits of the higher most transducer (i.e, 1000 Psia). Numerically, a
point of the isotherm at step j, q;, in equilibrium at temperature T and final pressure P]-fthat
is determined when both antechamber and sample chamber are connected (valve 11 open

and valve 8 closed) is calculated from the following expressions:

N¢&
a;(F/.T) =k (5)
N = N — N? (6)
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N = e @

N[ =NL,; + AN, (8)

AN; = NP¢'— N (9)

N = o S (10)

Nja—cf - % Z(I:fi T) (11)
With

NI'=0and P, =0 (12)

Where N]-T , N]-aandeg respectively correspond to the total moles of working gas

(both adsorbed and gas phase), the total moles of working gas in adsorbed state and the
total moles of working gas in gas state within the system that comprise the antechamber
and sample chamber; P]-i and P]-f respectively correspond to the equilibrium pressures of the
antechamber before and after the gas expansion into the sample chamber through valve 11
; Njac'i, N]?‘C'f are the moles of the antechamber before and after the gas expansion into the

sample chamber through valve 11, AN; are the new moles of working gas into the system,

V® corresponds to the excluded volume of the system, which is given by:
yex = yac L ys —yh —ye (13)

And Z (P, T) is the compressibility factor, which is calculated from Pitzer

Correlations [26]:
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Z(P,T) = Zo(P,T) +w = Z1(P,T) (14)

Zo(P,T) = Bo + (=) (15)
Z1(P,T) = Bo * (=) (16)
Bo = 0.083 — 22 (17)
B1=0.139 — =2 (18)
Pr=— (19)
Tr = % (20)

where Prand Tr is the reduced pressure and temperature, respectably and Tc, Pc and w are
the critical temperature, the critical pressure, and acentric factor of the working gas

respectively. Refer to table 3.2.

Isotherm Models

Adsorption equilibrium data were correlated using two models for pure gasses to
be used in getting the isosteric heat of adsorption Qst of the gas as a function of loading.
These two models are the Three Process Langmuir and the Toth equation. Isotherm data
obtained elsewhere at lower pressures using an ASAP 2010 volummetric system [28] for
the same gasses on the same 13X zeolite from Grace Davison was included in the fitting
of these models. All the data from a single gas at all three different temperatures obtained
here and elsewhere [28] were regressed using MS excel solver by minimising the following

objective function:

i 2
?:1 Z?zjl(log(qk,j,i,model) - log(qk,j,i,experimental)) ’ APk,j,i (21)
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Where

APy i = Pyji— Prji-1 (22)
With P ;; > 0 for i = 1..nj and APy j, = 0. The subscript k stands for the species, j in
expression (21) stands for a given isotherm obtained either here or elsewhere [28], and
subscript i stand for a data point of the isotherm. The logarithmic functions are meant to
have the best fit within a log P vs log g plot while the AP, ; ; term in the expression is meant
to give more leverage to points that are more spread apart.

The Three Process Langmuir model is an expansion of the Langmuir model, and it
describes the adsorption of a gas species on an energetically heterogeneous adsorbent
consisting of three homogenous, energetically different sites. The main assumptions of this
model are that the adsorbate-adsorbent free energy for each site is constant and the three

sites don’t interact with each other [25]. The main equation of this model is as follows:

3 b, Prdsk,i
— ) S,K,
Qk,model - Z (23)
=1

1+bk,l Py

where the affinity and saturation values for a site | are respectively given by
B
b, = by1exp (%) (24)

skl = s0k1 T Aseii T (25)

Isosteric Heat of Adsorption

The isosteric heat of adsorption is defined as the infinitesimal change of energy of
the adsorbate when an infinitesimal change of the amount adsorbed occurs [26]. Heat of
adsorption is an essential thermodynamic parameter since it gives an insight into the

adsorption mechanism. It is also an important factor in adsorption process design since it
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provides information about the heat released or consumed during adsorption or desorption
processes respectively [27]. For the Three Process Langmuir used in this work the isosteric

heat of adsorption is calculated using the Clausius-Clapeyron for loading explicit type of

1sotherms:
5 (aqk,model>
__r2|U o )y
Qst,k - p [(aqk‘model) ] (26)
aP T

Analytical expressions of the isosteric heat of adsorption for the Three Process Langmuir

and Toth models are respectively:

3
b1 (=bg,1 Pk qs,t,k,l+T(Bk,z-T)+Bk,z ds,0,k,1)
2
(1+bk,l Pk)
=1
3
b1 45k,
2
(1+bk,l Pk)
=1

Qstk =R (27)
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CHAPTER 3

RESULTS AND DISCUSSION

Adsorption isotherms of CO2, CHs and N2 were measured for 13X for
temperatures of (25.5, 50.5 and 75.5) C in the pressure range of (0-6.89475) MPa for CH4
and N2 and in the range of (0-4.82633) MPa for CO,. 12.482 g of sample of regenerated
13X was used to determine these isotherms. Table 3.2 shows the thermodynamic data of
these gas species at the critical point required for predicting their real gas behavior
according to Pitzer’s Correlation (Eqs.14 to 20). The volumes of the system and calculated
according to procedure described in Eqgs (1) through (4) and Eq. (13) are shown in Table
3.1. The Table also includes a calculated skeletal density of the sample of 2.534 g/cm?,
which is consistent with known values for zeolites [30]. Figures (3.1), (3.3), and (3.5)

show the adsorption isotherms of N2, CO2 and CHa respectively on 13X zeolite.

The experimental isotherms for the three gases were correlated using three
process Langmuir model and then the correlated isotherms were used to calculate the
isosteric heat of adsorption. The equations that are used in three process Langmuir and in
the calculation of the heat of adsorption were shown in chapter (2). The fitting parameters
can be seen in table (3.10). As can be seen in figures (3.2), (3.4) and (3.6) the plots were
additionally plotted in a log- log scale to show the devastations in the low pressure region
since under these conditions a small contaminate can lead to a lower equilibrium loading

especially for gases with high affinity towards the solid. The points represent the
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experimental data while the line represents the TPLM correlated fittings. The TPLM shows
good correlation for CH4 and N2 on 13X and the results for CO2 on 13X are good. All the
gases isotherms are of type | isotherms according to the IUPAC classification which
coincides with the he microporous structure of 13X [29]. The total potential between the
adsorbate-adsorbent systems is the sum of the adsorbate-adsorbate potential and the
adsorbate-adsorbent potential. The main contributing potential is the adsorbate-adsorbent
one. The adsorbate-adsorbent potential is the main contributor, and it is equal to the

following;

® = ®D + @R + @Ind + OFu + ¢FQ....... (28)

In which they represent dispersion, close-range repulsion, induction energy (interaction
between the electric field and an induced dipole), the interaction between the electric field
and a permanent dipole, interaction between field gradient and a quadrupole moment
energy respectively [29]. This explains the adsorption isotherms on 13X in which CO2
adsorbs more strongly than CHs and N2 due to the higher Polarizability and the dipole
moment as can be seen from the table (3.3) and the adsorption capacity on 13X are in the
order of CO2>CH4>N2> respectively. Figures (3.1) to (3.6) shows the validation of these
results by comparison with volumetric technique, and they showed very good agreement.
There are some deviations for CO> in the low pressures, and this is contributed to the
presence of water because the CO, used was of 99.99% purity with 10 ppm of water

fraction present and poor regeneration.

Since the isosteric heat of adsorption is an indicator of the adsorbate-adsorbent

interaction, it needs to be known. Figure (3.7) to (3.9) shows the isosteric heat of adsorption
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on 13X for N2, CO2 and CHa4 respectively. The heat of adsorption are in the order of
CO2>N2>CHjs. The isosteric heat of adsorption for N2 and CHas are constant in 13X. For
CO2 the heat of adsorption decreases with increased loadings due to the heterogeneity of

the solid surface [28].

The experimental results of the adsorption isotherms were compared to the ones
found in the literature and they are in a good agreement with some deviations either at the
lower pressures or at the higher pressures and this could be attributed to the different type
of sample used in each experiment. Henry’s constant was calculated from the following

expression:

Kh = Z z3=1 by Gs .1 (29)
Then henry’s constant for this experiment and for other ones from the literature were used
to calculate Henry’s law and plotted against the pressure and compared. The results forum
the volumetric setup and park’s results [18] are in a very good agreement for the
temperatures 25& 50 °C for all three gases. While for other experiments there might be
some deviations due to the different structure of sample used due to different source. Tables
3.11 To 3.16 Shows the experimental results from the literature and tables 3. 17 Shows the
henry’s constant for the fitted isotherms. Figures 3.10 To 3. 15 Shows the comparison of

the results against what is found in the literature.

Conclusion:

The adsorption isotherms of N2, CH4 and CO>, were measured on 13X zeolite and
activated carbon for three different temperatures (25.5, 50.5 and 75.5) °C and pressure up
to (6.89475) MPa for CHs and N2 and up to (4.82633) MPa for CO2 using built in

volumetric setup. The obtained results were validated against in house volumetric (ASAP)
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setup up to pressure (110) KPa. The comparison validates all three systems for 13X with
some deviations for activated carbon in the volumetric setup due to either contaminates
presence or experimental error due to not performing regeneration after each run in the
case of activated carbon. The resulting isotherms were correlated with three process
Langmuir model and the correlated isotherms used for the calculation of the isosteric heat
of adsorption using Clausius-Clapeyron equation. The correlated isotherms show good

matching for methane and nitrogen with acceptable results for carbon dioxide
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Figure 3. 1: Adsorption equilibrium isotherms of Nitrogen fitted with TPL model at three
different temperatures on 13X in rectangular coordinates
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Figure 3. 2: Adsorption equilibrium isotherms of Nitrogen fitted with TPL model at three
different temperatures on 13X in logarithmic scale

22



g 4.0 = 25.0C, ASAP

B 0 29.4 C, Volumetric
E 3.0 + 50.0C, ASAP

O 2 0 < 48.0 C, Volumetric
e 75.0C, ASAP

1.0 0755, Volumetric

0.0 1 1 1 1 1 1 1 1 1

0 1000 2000 3000 4000 5000

P (kPa)

Figure 3. 3: Adsorption equilibrium isotherms of carbon dioxide fitted with TPL model at
three different temperatures on 13X in rectangular coordinates
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Figure 3. 4: Adsorption equilibrium isotherms of carbon dioxide fitted with TPL model at
three different temperatures on 13X in logarithmic scale
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Figure 3. 5: Adsorption equilibrium isotherms of methane fitted with TPL model at three
different temperatures on 13X in rectangular coordinates
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Figure 3. 6: Adsorption equilibrium isotherms of methane fitted with TPL model at three

different temperatures on 13X in logarithmic scale
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Figure 3. 7: Isosteric heat of adsorption for N2 on 13X with respect to loadings for three
different temperatures (Isosteric heat of adsorption equation derived from TPL model)
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Figure 3. 8: Isosteric heat of adsorption for CO2 on 13X with respect to loadings for three
different temperatures (Isosteric heat of adsorption equation derived from TPL model)
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Figure 3. 9: Isosteric heat of adsorption for CH4 on 13X with respect to loadings for three
different temperatures (Isosteric heat of adsorption equation derived from TPL model)
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Table 3. 1: experimental values of the system different volumes

Volumes, cm?

Spheres (V") 85.07
Antechamber (V) 168.25
Empty Sample chamber (V) 181.82
Holders and Mesh (V") 145.09
Excluded (V) 200.06
Sample Skeletal (V%) 4.93
Mass of Sample, g 12.482
Skeletal Density, g/cm?® 2.534

Table 3. 2: Relevant thermodynamic properties of adsorbates [34]

Adsorbate Critical temp. [K] Critical pressure [bar]
N2 126.2 34.00
Cco2 304.2 73.83
CH4 190.6 45.99

Table 3. 3: Relevant physical properties of adsorbates [28]

Acentric factor (w)

0.038

0.224

0.012

Adsorbat  Normal Kinetic Polarizability =~ Dipole moment *10'8
e BP [K] diameter [A] *10% [cm?] [esu cm]
N2 77.35 3.64-3.80 17.403 0
CcO2 216.55 3.3 29.11 0
CH4 111.66 3.758 25.93 0
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Quadruple moment
*10%6 [esu cm?]
1.52
4.3
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Table 3. 4: Adsorption Equilibrium Isotherm Data of Nitrogen on 13X at 25.5, 50.5, and
75.5 0C measured by volumetric setup

T=25°C T=50°C T=75°C

P q P q P q

(kPa) (mol/kg) (kPa) (mol/kg) (kPa) (mol/kg)

0 0 0 0 0 0
11.41768 0.044129 16.90589 0.035815 16.6232 0.020509
26.33443 0.098003 28.69588 0.060205 29.0613 0.035848
49.93511 0.180516 54396 0.11281 66.53073 0.079966

78.7413 0.274327 86.32896 0.175306 95.01632 0.113546
113.7734 0.383804 119.6064 0.238189 127.4871 0.149971
158.3548 0.509621 170.0172 0.328564 178.3805 0.206492

315.503 0.895106 332.3606 0.595363 348.3219 0.374158
570.7598 1.354394 563.5893 0.907317 588.8792 0.599696
1157.488 2.007926 1168.368 1.485905 1175.028 1.020976
1762.156 2.404517 1870.541 1.90527 1860.889 1.372789
2536.572 2.751734 2529.126 2.201628 2564.772 1.660218
3229.769 2.950522 3254.038 2.439077 3269.138 1.883661
4510.397 3.182799  4480.06 2.715443  4480.06 2.162836

6362.46 3.365546 6313.852 2.968161 6395.555 2.452011
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Table 3. 5: Adsorption Equilibrium Isotherm Data of carbon dioxide on 13X at 25.5, 50.5,
and 75.5 oC measured by volumetric setup

T=25°C T=50°C T=r5°C

P q P q P q
(kPa) (mol/kg) (kPa) (mol/kg) (kPa) (mol/kg)

0 0 0 0 0 0
0.179263065  0.579312384  0.351631396  0.540349764 1.389288752 0.489912398
0.761868025  1.332857205  1.365157186  1.234486513 4.478129253 1.121579006
3.602498129 2.38636373  5.346865644  2.085835535 13.35165096 1.859330535
41.3546101  4.387127999  18.54683247  3.036242203  34.0137876 2.593209382
385.3052735  5.763305492  114.4180985  4.526820317 137.8808757 3.814307086
1158.797819  6.253828343  460.3613398  5.400486074 448.2610829 4.707190317
1900.257434  6.384619023  1169.208866  5.827728188 1146.421773 5.231563003
2603.313385  6.439147598  1905.497431  5.993435827 1899.499013  5.38559879
3290.373554  6.495471075  2593.660758  6.075240514 2586.766025 5.508690147
4523.634492  6.240336579  3293.683026  6.120874851 3295.544604 5.541869091
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Table 3. 6: Adsorption Equilibrium Isotherm Data of methane on 13X at 25.5, 50.5, and
75.5 0C measured by volumetric setup

T=25°C T=50°C T=75°C

P q P q P q

(kPa) (mol/kg) (kPa) (mol/kg) (kPa) (mol/kg)

0 0 0 0 0 0
7.799322 0.0435 10.15249 0.0358 12.84834 0.0276
17.95664 0.0963 20.12917 0.071 27.63409 0.06
26.82741 0.142 28.77379 0.1014 45.50869 0.0986

46.405 0.2594 48.86297 0.1714 58.66591 0.1269
72.30162 0.3889 79.75448 0.275 86.55993 0.1853
103.5685 0.5471 113.0219 0.3831 116.0066 0.2458
149.3365 0.761 158.2169 0.523 162.1848 0.3377
287.6138 1.3278 302.2996 0.9263 315.5375 0.6297
526.7197 2.0157 549.0828 1.468 556.6463 1.0118
1120.187 2.8505 1129.992 2.2361 1127.123 1.653
1868.473 3.2932 1905.842 2.7542 1884.606 2.1616
2577.458 3.52 2648.819 3.0517 2587.249 2.4824
3280.169 3.6749  3340.36 3.2319 3273.137 2.6833
4555.143 3.8084 4583.757 3.4731 4616.3 2.95
6404.173 3.9761 6414.17 3.6177 6464.847 3.1894
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Table 3. 7: Adsorption Equilibrium Isotherm Data of Nitrogen on zeolite 13X at 25, 50,
and 75 oC measured by ASAP2010

T=25°C T=50°C T=75°C

P q P q P q
(kPa) (mol/kg) (kPa) (mol/kg) (kPa) (mol/kg)
0.0916 0.0004  0.1109 0.0002  0.1231 0.0002
0.1453 0.0006  0.1709 0.0004  0.1804 0.0002
0.1673 0.0007  0.2119 0.0005  0.2045 0.0003
0.2087 0.0009  0.2683 0.0006  0.2696 0.0004
0.2653 0.0011  0.3416 0.0008  0.3409 0.0005
0.3412 0.0015  0.4311 0.0010  0.4326 0.0006
0.4303 0.0019  0.5473 0.0013  0.5483 0.0008
0.5464 0.0024  0.7238 0.0017  0.7242 0.0010
0.7222 0.0031  0.9135 0.0021  0.9037 0.0012
0.9057 0.0039  1.1416 0.0026  1.1644 0.0016
1.1509 0.0048  1.4676 0.0034  1.4568 0.0020
1.4528 0.0060  1.8451 0.0042  1.8526 0.0025
1.8400 0.0076  2.3575 0.0053  2.3608 0.0031
2.3354 0.0095  2.9590 0.0066  2.9792 0.0039
2.9642 0.0119  3.7785 0.0083  3.7808 0.0050
3.7668 0.0150  4.8152 0.0105  4.8198 0.0063
4.7976 0.0190  6.1007 0.0133  6.1088 0.0080
6.0928 0.0239  7.3829 0.0159  7.5109 0.0098
7.1756 0.0280  9.7485 0.0208  9.8386 0.0127
9.6284 0.0370 12,5605 0.0265  12.5692 0.0162
125480 0.0475 159710 0.0333  15.9791 0.0204
159635 0.0596  20.3334 0.0420  20.3332 0.0258
20.3150 0.0747  25.9128 0.0529  25.9049 0.0326
25.9110 0.0938  33.0686 0.0666  33.0681 0.0412
33.1279 0.1179  41.8915 0.0831  41.8834 0.0515
41.8928 0.1464  53.3574 0.1039  53.3396  0.0645
53.3523 0.1824  67.8453 0.1296  67.8784  0.0805
67.8942 0.2262  86.5016 0.1611  86.4661 0.1001
86.4757 0.2794  110.0083 0.1990  108.4670 0.1220
110.0391 0.3429

31



Table 3. 8: Adsorption Equilibrium Isotherm Data of Carbon Dioxide on zeolite 13X at 25,
50, and 75 oC measured by ASAP2010

T=25°C T=50°C T=75°C

P q P q P q
(kPa) (mol/kg) (kPa) (mol/kg) (kPa) (mol/kg)
0.0048 0.0324  0.0156 0.0330 0.0527 0.0324
0.0097 0.0648  0.0329 0.0660 0.1110 0.0646
0.0145 0.0972 0.0510 0.0990 0.1719 0.0966
0.0194 0.1296  0.0700 0.1320 0.2349 0.1284
0.0243 0.1619 0.0898 0.1650 0.3011 0.1599
0.0293 0.1943  0.1109 0.1980 0.3689 0.1914
0.0344 0.2267  0.1326 0.2309 0.4407 0.2225
0.0396 0.2591 0.1554 0.2638 0.5130 0.2535
0.0454 0.2914  0.1800 0.2966 0.5917 0.2852
0.0511 0.3237  0.2055 0.3294 0.6691 0.3164
0.0571 0.3561  0.2320 0.3621 0.7518 0.3459
0.0635 0.3884  0.2610 0.3947 0.8393 0.3763
0.0684 0.4218  0.2902 0.4274 0.9275 0.4063
0.0744 0.4550  0.3227 0.4599 1.0202 0.4359
0.0813 0.4883  0.3547 0.4924 1.1149 0.4653
0.0889 0.5214  0.3913 0.5248 1.2155 0.4943
0.0977 0.5545  0.4255 0.5571 1.3183 0.5239
0.1070 0.5876  0.4638 0.5893 1.4261 0.5527
0.1170 0.6207  0.5033 0.6214 1.5399 0.5811
0.1273 0.6537 0.5453 0.6534 1.6558 0.6100
0.1382 0.6868  0.5890 0.6861 1.7768 0.6389
0.1498 0.7198 0.6365 0.7184 1.9035 0.6676
0.1631 0.7528  0.6900 0.7511 2.0318 0.6962
0.1764 0.7857 0.7415 0.7829 2.1710 0.7243
0.1905 0.8187  0.7975 0.8139 2.3090 0.7524
0.2063 0.8516  0.8581 0.8456 2.4536 0.7800
0.2227 0.8845  0.9205 0.8766 2.6075 0.8071
0.2405 0.9173  0.9825 0.9073 2.7505 0.8344
0.2597 0.9501  1.0534 0.9385 2.9134 0.8609
0.2800 0.9829 1.1224 0.9699 3.0824 0.8877
0.3009 1.0156  1.1974 1.0003 3.2412 0.9142
0.3242 1.0483 1.2745 1.0303 3.4180 0.9399
0.3481 1.0809  1.3504 1.0602 3.6266 0.9705
0.3734 1.1135 1.4375 1.0896 3.8113 0.9958
0.3992 1.1461  1.5283 1.1195 3.9942 1.0216
0.4283 1.1785  1.6165 1.1498 4.2304 1.0514
0.4585 1.2109  1.7194 1.1796 4.4647 1.0815
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0.4885
0.5211
0.5583
0.5947
0.6324
0.6726
0.7175
0.7633
0.8105
0.8589
0.9120
0.9702
1.0247
1.0846
1.1459
1.2091
1.2789
1.3495
1.4194
1.4915
1.5679
1.6466
1.7301
1.8168
1.9053
2.0045
2.0999
2.1885
2.2961
2.3998
2.5046
2.6120
2.7266
2.8390
2.9561
3.0876
3.2165
3.3498
3.4887
3.6266
3.7538
3.9002
4.0566

1.2432
1.2754
1.3074
1.3401
1.3726
1.4047
1.4364
1.4683
1.5002
1.5313
1.5628
1.5943
1.6260
1.6566
1.6877
1.7190
1.7500
1.7800
1.8106
1.8413
1.8719
1.9023
1.9325
1.9624
1.9921
2.0213
2.0505
2.0808
2.1097
2.1392
2.1689
2.1977
2.2267
2.2552
2.2831
2.3111
2.3393
2.3664
2.3946
2.4223
2.4504
2.4785
2.5055

1.8135
1.9229
2.0257
2.1430
2.2545
2.3751
2.5070
2.6325
2.7569
2.9036
3.0507
3.1799
3.3459
3.4911
3.6699
3.8323
3.9901
4.1604
4.3447
4.5451
4.7644
5.0042
5.2502
5.4780
5.7272
5.9875
6.2661
6.5339
6.8144
7.1228
7.4234
7.7352
8.0520
8.3681
8.7081
9.0551
9.3903
9.7603
10.1181
10.4874
10.8580
11.2399
11.6296
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1.2095
1.2387
1.2680
1.2967
1.3254
1.3537
1.3822
1.4111
1.4392
1.4669
1.4937
1.5218
1.5487
1.5762
1.6022
1.6353
1.6621
1.6885
1.7141
1.7459
1.7771
1.8078
1.8383
1.8688
1.8992
1.9294
1.9586
1.9878
2.0169
2.0459
2.0747
2.1035
2.1326
2.1611
2.1886
2.2163
2.2436
2.2704
2.2973
2.3235
2.3492
2.3752
2.3997

4.7256
4.9776
5.2464
5.5285
5.8164
6.1048
6.4184
6.7428
7.0770
7.4231
7.7648
8.1095
8.4685
8.8372
9.2143
9.6086
10.0080
10.4033
10.8035
11.1979
11.6097
16.1868
23.2955
29.3804
35.6513
39.9332
45.7361
51.7093
57.2804
63.0426
68.8524
74.4870
80.2880
86.0551
91.6805
97.5305
103.2040
108.9044

1.1110
1.1410
1.1706
1.1995
1.2284
1.2573
1.2859
1.3142
1.3419
1.3697
1.3973
1.4250
1.4518
1.4781
1.5037
1.5291
1.5542
1.5791
1.6040
1.6288
1.6527
1.8772
2.1396
2.3159
2.4677
2.5569
2.6680
2.7674
2.8503
2.9292
3.0003
3.0645
3.1261
3.1811
3.2325
3.2812
3.3244
3.3665



4.2214
4.3618
4.5376
4.6991
4.8574
5.0365
5.2410
5.4249
5.6106
5.8489
6.0922
6.3354
6.5831
6.8428
7.1198
7.4006
7.6903
7.9851
8.2889
8.6027
8.9188
9.2599
9.5989
9.9299
10.2771
10.6331
10.9999
11.3773
11.7653
16.0176
24.0737
30.4939
37.1568
39.6948
45.8897
51.5554
57.3260
63.1019
68.7687
74.5403
80.3140
85.9815
91.7353

2.5317
2.5597
2.5856
2.6124
2.6395
2.6721
2.7044
2.7305
2.7564
2.7868
2.8171
2.8481
2.8786
2.9093
2.9387
2.9680
2.9968
3.0256
3.0549
3.0837
3.1129
3.1410
3.1687
3.1967
3.2240
3.2504
3.2760
3.3017
3.3267
3.5597
3.8579
4.0212
41522
4.1955
4.2858
4.3581
4.4231
4.4793
4.5292
4.5761
4.6178
4.6557
4.6922

16.8062
23.5558
29.8428
36.3075
39.8407
45.7664
51.7058
57.1871
63.1726
68.6987
74.6369
80.1899
86.0533
91.7428
97.4465

103.2414
108.9493
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2.6833
2.9493
3.1357
3.2916
3.3642
3.4730
3.5645
3.6422
3.7151
3.7780
3.8364
3.8878
3.9370
3.9804
4.0222
4.0616
4.0977



97.5139  4.7257
103.2160  4.7559
108.9226  4.7849

Table 3. 9: Adsorption Equilibrium Isotherm Data of Methane on zeolite 13X at 25, 50,

and 75 oC measured by ASAP2010
T=25°C T=50°C T=75°C
P q P q P q
(kPa) (mol/kg) (kPa) (mol/kg) (kPa) (mol/kg)
0.1092 0.0007 0.1229 0.0004 0.1311 0.0003
0.1342 0.0008 0.1449 0.0005 0.1636 0.0004
0.1491 0.0009 0.1681 0.0006 0.1890 0.0004
0.1670 0.0010 0.1882 0.0007 0.2118 0.0005
0.1871 0.0011 0.2106 0.0008 0.2367 0.0005
0.2095 0.0013 0.2360 0.0008 0.2653 0.0006
0.2349 0.0014 0.2642 0.0009 0.2968 0.0007
0.2630 0.0016 0.2962 0.0011 0.3333 0.0008
0.2952 0.0018 0.3321 0.0012 0.3731 0.0008
0.3307 0.0020 0.3720 0.0013 0.4178 0.0009
0.3710 0.0023 0.4173 0.0015 0.4690 0.0011
0.4161 0.0025 0.4681 0.0017 0.5262 0.0012
0.4670 0.0029 0.5252 0.0019 0.5895 0.0013
0.5238 0.0032 0.5887 0.0021 0.6627 0.0015
0.5881 0.0036 0.6612 0.0024 1.0736 0.0024
0.6597 0.0041 1.1706 0.0042 1.4560 0.0033
0.9493 0.0058 1.2770 0.0046 3.8882 0.0088
1.3879 0.0085 2.5245 0.0090 6.3531 0.0143
1.4952 0.0092 4.2219 0.0150 8.0281 0.0181
3.1836 0.0195 6.3721 0.0226 10.1172  0.0227
4.3461 0.0265 7.8149 0.0277 12.6021  0.0282
6.0228 0.0367 10.6957  0.0377 14.7918  0.0330
7.3264 0.0445 14.3100  0.0503 17.0037  0.0379
8.9778 0.0545 15.0565  0.0530 21.3771  0.0474
11.0556  0.0668 18.6541  0.0654 22.6346  0.0501
13.1512  0.0792 20.6135 0.0721 26.1386  0.0577
14,7042  0.0885 23.0470  0.0804 29.3842  0.0647
16.5891  0.0996 25.8030 0.0897 32.2081 0.0708
17.8008 0.1067 28.8264  0.0999 35.6686  0.0781
20.0072  0.1195 31.8902 0.1102 40.5951  0.0883
23.3537  0.1390 36.4132  0.1252 445770  0.0965
25.5590 0.1517 40.2844  0.1380 50.1149  0.1079
28.1444  0.1664 43.8642  0.1497 55.6073 0.1192
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32.1282  0.1890
35.7685  0.2095
40.4091  0.2353
43.7004 0.2534
49.1229  0.2830
55.7803  0.3188
62.2651  0.3531
70.3511  0.3951
78.3769  0.4357
87.7081  0.4822
98.4283  0.5343
109.7388 0.5875

50.0169  0.1696
56.1835 0.1894
62.3585  0.2089
69.8877  0.2323
78.1286  0.2580
88.2120  0.2881
97.7898  0.3165
110.3014 0.3526

61.8466
70.8589
78.3544
88.5103
98.1947
110.4074

0.1320
0.1498
0.1646
0.1842
0.2026
0.2253

Table 3. 10: Fitting parameters of the Three Process Langmuir model for 13X
Gas gso | bi° B1 glt gso2 | g2t b2° B2 gso3 | q3t bs° | Bs
1
mol | kPa? K mol mol mol kPa! K mol mol | kPa | K
*kg /(kg* *kg—l /(kg* *kg—l /(kg* -1
! K) K) K)
CHs | 658 | 2306E | 1925. | -0.0071 | 1.717 | 5.53E-03 0 19259 | 000 | 288E- | 0 0
8 -06 9 11
CO, | 437 | 7203 | 2826. | -0.0066 | 8.761 | -0.0131 | 1.394E- | 43415 | 2296 | 3.27E- | 1.08 | 44
7 -06 2 06 09 7E- | 42
03
N> 3.82 | 3.027E | 2410. 0 3561 | 2.34E-16 0 17585 0 0 0 0
5 07 3 3

Table 3. 11: Adsorption Equilibrium Isotherm Data of nitrogen on zeolite 13X at 25, 50 -C
measured by Park [18].

T=25°C T=5°C
KPa mol/Kg KPa mol/Kg
P q P q

0.972 0.004 0.888 0.002
7.245 0.028 7.696 0.015
13.6 0.053 14.45 0.028
19.74 0.076 21.18 0.041
26 0.099 27.92 0.054
32.14 0.121 34.49 0.067
38.19 0.143 40.86 0.079
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44.14
49.94
55.83
61.87
67.63
73.22
78.86
84.56
89.98
95.36
99.83
104.4
133.8
163.6
193.6
223.8
254.2
285
316
347
378.2
409.4
441.1
472.9
504.7
536.5
568.6
600.5
632.8
665.2
697.5
730.1
762.7
795.2
827.6
860.4
893.1
925.8
958.7
991.4
1024

0.164
0.184
0.204
0.224
0.243
0.261
0.279
0.296
0.313
0.33
0.349
0.362
0.445
0.527
0.602
0.672
0.74
0.804
0.868
0.928
0.983
1.04
1.09
1.14
1.19
1.23
1.28
1.32
1.36
14
1.44
1.47
151
1.54
1.58
1.61
1.64
1.67
1.7
1.73
1.75

47.16
53.37
59.52
65.46
71.46
77.37
83.43
89.2
95.11
99.94
104.8
136.7
168.6
200.8
232.8
265
297.7
330.3
362.9
395.9
428.4
461.1
494.2
527.2
560.2
593.1
626.4
659.7
692.6
725.8
759.3
792.5
825.8
859.4
892.9
926.4
959.8
993.2
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0.091
0.102
0.114
0.124
0.135
0.146
0.156
0.166
0.176
0.187
0.196
0.25
0.3
0.35
0.398
0.444
0.49
0.535
0.576
0.616
0.655
0.694
0.73
0.766
0.802
0.834
0.867
0.899
0.931
0.961
0.99
1.02
1.05
1.07
11
1.13
1.15
1.18



Table 3. 12: Adsorption Equilibrium Isotherm Data of Carbon dioxide on zeolite 13X at
25, 50 °C measured by Park [18].

T=25°C T=5°C
KPa mol/Kg KPa mol/Kg
P q P q
0.567 0.529 0.203 0.285
0.777 0.787 0.573 0.551
1.015 1.048 1.147 0.811
1.347 1.304 1.986 1.063
1.809 1.558 3.168 1.311
2.465 1.807 4,733 1.55
3.343 2.056 6.718 1.781
4.402 2.299 9.183 2.004
5.701 2.539 12.17 2.219
7.332 2.774 15.7 2.422
9.369 2.999 19.87 2.616
11.95 3.216 24.61 2.794
15.12 3.417 29.93 2.957
19.11 3.607 35.91 3.109
23.9 3.778 42.66 3.25
29.47 3.928 49.88 3.375
35.99 4.064 57.56 3.488
43.23 4.182 65.86 3.501
51.12 4,286 74.42 3.683
59.71 4.378 83.44 3.768
68.49 4.458 91.45 3.838
77.79 4.529 99.92 3.899
87.33 4.592 108.2 3.953
96.57 4.639 135.6 4.097
105.4 4.686 163.1 4,213
133 4.802 192 4.311
165.2 4,905 223.8 4.399
196.7 4.985 254.1 4.474
227.3 5.047 285.3 4,538
258.4 5.106 316.7 4,597
289.9 5.156 348.9 4,648
321.8 5.2 381.1 4.695
353.8 5.24 413.7 4,739
386.3 5.275 446.6 4,776
418.7 5.308 479.6 481
451.6 5.338 512.7 4.844
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484.2 5.364 546 4.874

517 5.389 579.2 4.902
550 5411 612.8 4.928
583.2 5.432 646.4 4.954
616.3 5.457 680.2 4.976
649.8 5.474 714.2 4.998
683 5.495 748 5.019
716.5 5.512 781.7 5.038
749.9 5.525 815.7 5.055
783.5 5.538 849.8 5.073
817.1 5.55 884 5.087
850.5 5.561 917.8 5.108
884.3 5.571 952 5.118
918.1 5.582 986.3 5.134
951.9 5.592 1021 5.147
985.4 5.604

1019 5.613

Table 3. 13: Adsorption Equilibrium Isotherm Data of Methane on zeolite 13X at 25, 50
°C measured by Park [18].

T=25°C T=5°C
KPa mol/Kg KPa mol/Kg
P q P q

0.592 0.004 0.829 0.003
5.84 0.039 6.974 0.024
11.25 0.074 13.27 0.045
16.46 0.108 19.38 0.066
21.51 0.14 25.4 0.086
26.73 0.172 31.34 0.106
31.65 0.203 37.43 0.126
36.64 0.233 43.1 0.145
41.34 0.261 48.8 0.163
46.37 0.291 54.47 0.181
51.34 0.32 59.91 0.198
56.08 0.348 65.29 0.215
60.7 0.374 70.84 0.233
65.37 0.4 75.98 0.249
70.1 0.427 81.02 0.264
74.41 0.45 85.93 0.279
79 0.475 90.79 0.294
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83.34
87.66
91.98
95.46
98.75
102.2
132.3
162.1
191.6
221
249.9
278.6
307
334.9
364.4
394.6
424.9
455.7
486.5
517.5
549
580.5
612.2
644
675.9
708.2
740.5
772.8
805.8
838.7
871.6
904.5
937.7
970.8
1004

0.499
0.522
0.545
0.562
0.58

0.599
0.745
0.881
1.007
1.122
1.231
1.328
1.419
1.504
1.588
1.668
1.744
1.819
1.888
1.953
2.015
2.077
2.135
2.19

2.243
2.292
2.344
2.399
2441
2.484
2.527
2.568
2.608
2.647
2.695

94.74
98.48
102.4
135.3
167.7
199.5
230.6
261.1
291
321.8
352.8
383.7
415.1
4471
478.7
510.4
542.5
574.6
607.1
639.8
672.2
704.9
737.4
770.3
803.2
836.3
869.4
902.5
935.7
969.2
1002

40

0.307
0.319
0.332
0.427
0.515
0.597
0.676
0.748
0.815
0.883
0.948
1.012
1.07

1.126
1.179
1.235
1.285
1.335
1.381
1.426
1.473
1.512
1.551
1.589
1.625
1.661
1.695
1.727
1.761
1.789
1.819



Table 3. 14: Adsorption Equilibrium Isotherm Data of nitrogen on zeolite 13X at 25, 50 -C
measured by Simone Cavenati [19].

T=25°C T=5°C
KPa mol/Kg KPa mol/Kg
P q P q
6.13 0.024 9.03 0.015
11.05 0.038 19.12 0.034
25.11 0.082 40.06 0.074
39.2 0.123 55.11 0.098
50.03 0.156 105 0.187
90.02 0.264 175 0.299
170 0.46 220 0.357
260 0.68 280 0.457
310 0.8 360 0.569
390 0.93 360 0.695
570 1.24 470 0.695
655 1.39 570 0.838
745 15 680 0.969
990 1.83 800 1.104
1095 1.976 1000 1.303
1280 2.149 1155 1.443
1585 2.432 1340 1.61
1770 2.592 1680 1.875
1935 2.717 2160 2.201
2205 2.909 2405 2.335
2360 3.011 2620 2.459
2595 3.161 3065 2.704
3170 3.491 3340 2.834
3230 3.528 3490 2.916
3685 3.763 3920 3.106
4010 3.923 4470 3.339
4400 4,084 4720 3.442
4725 4.214
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Table 3. 15: Adsorption Equilibrium Isotherm Data of Carbon dioxide on zeolite 13X at
25, 50 oC measured by Simone Cavenati [19].

T=25°C T=5°C
KPa mol/Kg KPa mol/Kg
P q P q
1.18 1.147 1.06 0.356
6.1 2.249 2.14 0.529
29.05 3.659 5.01 1.06
86.1 45 9.07 1.43
160 5.06 24.23 2.09
310 5.58 42.2 2.49
525 6.04 75.03 2.9
1015 6.52 145 34
1445 6.92 270 3.915
1935 6.96 390 4.1
2280 7.09 545 4.329
2660 7.22 705 4,532
3200 7.372 850 4,74
1010 4.82
1175 4,93
1455 5.2
1720 5.24
2125 5.43
2695 5.62
3395 5.762

Table 3. 16 :Adsorption Equilibrium Isotherm Data of Methane on zeolite 13X at 25, 50
°C measured by Simone Cavenati [19].

T=25°C T=5°C
KPa mol/Kg KPa mol/Kg
P q P q
4.05 0.024 6.03 0.017
12.03 0.089 12.15 0.052
19.1 0.131 22 0.09
55.15 0.326 33.02 0.14
125 0.712 46.12 0.196
165 0.877 55.05 0.227
210 1.12 80.1 0.312
306 1.474 115 0.432
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345

425

631

819

1070
1180
1410
1720
1890
2175
2610
2985
3365
3560
3745
4260
4725

1.617 165
1.83 240
2.357 340
2.726 400
3.06 510
3.26 505
3.53 635
3.834 780
3.991 865
4.198 955
4.506 1185
4.75 1495
4.987 1695
5.103 1860
5.191 2425
5.469 2570
5.719 3015
3425
3425
3670
4180
4445
4745

0.59
0.731
1.009
1.193
1.423
1.395
1.653
1.929
2.077
2211
2.545
2.89
3.067
3.169
3.577
3.67
3.933
4.199
4.2
4.341
4.585
4.706
4.83

Table 3. 17: Henry’s constant for the volumetric system compared to the ones in the

literature.

Henry’s
constant
(mol/Kg

)
N2

COo2

CH4

Temperature

25°C
50°C
75°C
25°C
50°C
75°C
25°C
50°C

75°C

Volumetri | Shivagi[31
C setup ]

Ertan[8]

3.297*10"-
3

0.00377 0.006
0.002015
0.00117

6.2928 2.62

0.2696
0.5668
0.0066
0.0038

0.00239
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Park[18]

3.8*%10"-3

1.973*10"-
3

0.7328
0.2696
6.776*10"-
3
6.776*10"-
3
3.599*10"-
3

Kennedy|[3
2]

4.2744*10"
-3

4.906*10"-
3

Fillipe[33]

1.0285
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Figure 3. 12: comparison of the experimental adsorption isotherms of carbon dioxide on
zeolite 13X at 25 °C against the ones found in the literature
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Figure 3. 13: comparison of the experimental adsorption isotherms of carbon dioxide on
zeolite 13X at 50 °C against the ones found in the literature
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Figure 3. 14: comparison of the experimental adsorption isotherms of methane on zeolite
13X at 25°C against the ones found in the literature
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Figure 3. 15: comparison of the experimental adsorption isotherms of methane on zeolite
13X at 50 °C against the ones found in the
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