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Figure 4.3. Model Predictions and Experimental Data for Pure methane 

 

Figure 4.4. Model Predictions and Experimental Data for Pure nitrogen 
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4.2.2 Virial Adsorption Isotherm Regression Results 

 

Multi-parametric linear regressions analysis were performed on the entire pure 

component data set for each component to determine the Virial model coefficients and their 

variation with temperature. A statistic software, Sigmastat, was used. Isotherm data at all 

temperatures were used in a single multiple linear regression with model equations 

(Equation (2.58)). The best fitting model was chosen by the F-statistics of the overall 

regression by forward stepwise technique with a significance level of 0.05. The estimated 

Virial coefficients obtained from the data analysis for the adsorption of methane and 

nitrogen in silicalite are presented in Table 4.5 along with standard error of parameters.  

Table 4.5. Virial parameters for methane and nitrogen on silicalite 

Gas Methane Nitrogen 

Parameter Value Std. error % t-stat Value Std. error % t-stat 

k0 13.41 0.08 158.32 13.71 0.09 151.11 

k1 -2584.7 28 -94.07 -2265.4 29 -78.18 

b0 0.21 0.14 0.98 -2.15 0.37 -5.88 

b1 236.7 43 6.70 1057.56 127 8.35 

c0 -0.46 0.1 -6.42 - - - 

c1 - - - -223.73 146 -1.54 

d0 0.32 0.04 8.98 - - - 

d1 - - - 107.13 127 126.63 
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Figure 4.5. Virial Regressions and experimental data for pure methane 
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Figure 4.6. Virial Regressions and experimental data for pure nitrogen 
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4.2.3 Comparison between both the Models 

 

Virial adsorption isotherm model (Equation (2.58)) and Langmuir adsorption 

isotherm model (Equation (2.52)) both have different structures and contains different 

parameters. Generally, model accuracy to reproduce data increases with increase in number 

of parameters. Therefore, comparison of a different models having different number of 

parameters is not a straightforward task to do. One method commonly used in literature to 

compare function is Error sum of squares (SSE). SSE is defined as, 

 𝑆𝑆𝐸 =  ∑ (𝑦𝑖 − 𝑦𝑖̂)
2

∞

𝑖
 (4.1) 

The SSE is a function of residues, the difference between each calculated 

observation and sample mean. In our case calculated observation is amount of moles 

adsorbed (𝑁𝑖
𝑚𝑜𝑑𝑒𝑙) at the same pressure as that of the experimental pressure. As there is 

no group in data set, mean can be replaced with the same experimental measured amount 

adsorbed (𝑁𝑖
𝑒𝑥𝑝).  

 𝑆𝑆𝐸 =  ∑ (𝑁𝑖
𝑚𝑜𝑑𝑒𝑙 − 𝑁𝑖

𝑒𝑥𝑝)2
∞

𝑖
 (4.2) 
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Table 4.6. Comparison of Residual Sum of Squares Error for two different regression 

models 

RESIDUAL SUM OF SQUARES x 105 

Temperature (K) Methane Nitrogen 

  Langmuir Virial Langmuir Virial 

283.15 K 132.65 7.48 200.90 14.22 

308.15 K 265.68 822.15 131.93 35.84 

338.15 K 28.65 2.24 15.76 16.74 

 

As it can be seen from the Table 4.6, Virial EOS (Equation (2.85)) is usually 

superior in representing pure isotherm data because of its extreme flexibility and 

parameters used in model are essentially covering behavior of the real gas without making 

any assumptions. More importantly the fitted model provides a direct way of calculating 

isosteric heat which is discussed in next section.  

  



84 
 

4.3 Isosteric Heat of Adsorption 

 

Isosteric heat of adsorption represents the energetics of any adsorption system. At 

zero pressure (or coverage), the value of isosteric heat of adsorption directly indicates the 

affinity of the solid for gas molecules. These vertical interactions are also a proxy for the 

potential energy between a single molecule and the entire surface. (Properly weighted by 

the energy itself through Boltzmann distribution). Therefore for a known solid-fluid 

potential function, one can calculate the isosteric heat of adsorption at zero coverage rather 

easily with molecular simulation. 

In addition the form in which isosteric heat varies with pressure (or coverage) also 

carries important information about either (1) molecule to molecule interaction in a 

confined pore system also referred to as the “lateral” interaction, or (2) a combined effect 

caused by the heterogeneous behavior of gas-solid pair. Two aspects affect how isosteric 

heat changes with pressure (or coverage) is in opposite direction. Molecule to molecule 

interactions (regardless of even if being on a surface) should always increase isosteric heat. 

Heterogeneity always cause a decrease in isosteric heat. 

The isosteric heat of adsorption is calculated using virial constants as discussed 

earlier in Section 2.10 for both the gases. In Figure 4.7 the isosteric heat variation is showed 

against the loading for methane and nitrogen gases.  
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Figure 4.7. Isosteric heat of adsorption for CH4 and N2 on silicalite 
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gas phase pressure for pure methane and nitrogen adsorption in silicalite at 308.15 K is 

shown in the Figure 4.8,  

 

Figure 4.8. Spreading pressure of methane & nitrogen on silicalite at 308.15 K 
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4.5 Binary Adsorption Isotherm Results 

 

In this section the binary adsorption isotherms of CH4 + N2 mixture on silicalite at 

308.15 K temperature are presented. The analysis of data along with the thermodynamic 

consistency check. The experimental data is also compared with the predictions from Ideal 

solution adsorbed theory (IAST) using virial model which represents pure component 

equilibrium. 

 

4.5.1 Measurement of Binary Adsorption Equilibria 

 

Although it is not possible to control the final equilibrium properties of gases 

precisely but they can be measure accurately using volumetric system described in Chapter 

III. Before starting the experiments, the charge condition were estimated through IAST 

calculations and charge amount is thus calculated accordingly. Then the gases were 

equilibrated with the solid adsorbent in a closed system. In this work all the data points 

measured in binary experimental work were obtained at an approximately constant 

equilibrium pressure (~504 kPa) and an approximately constant equilibrium gas phase 

composition (60% methane and 40% nitrogen).  

The binary equilibrium data was measured using the experimental protocol outlined 

in Section 3.2.2.4. Apart from the internal volumes of the experimental apparatus (required 

for material balances), temperature and pressure in various sections of the apparatus at 
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equilibrium provide the information required for the calculation of total amount adsorbed 

directly. To determine the surface composition, the equilibrium gas phase composition 

must be determined. The composition of the gas at equilibrium was measured using a GC 

(gas chromatographic unit). GC calibration results for the gas mixtures under consideration 

are given in Appendix B. 

 

4.5.2 Binary Equilibrium Data 

 

The adsorbed phase properties, such as the partial amounts adsorbed, are calculated 

from the experimental measurements at a given temperature T, gas phase pressure, and 

composition yi as described in experimental section. The results are given in Tables 4.7, 
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Table 4.7. Binary equilibrium data for CH4 + N2 mixture on silicalite at 308.15 K 

CH4 + N2 mixture (Constant pressure region) 

P (kPa) y1 Nt, mol/kg N1, mol/kg N2, mol/kg S1,2 

504.7 0.087 0.632 0.284 0.348 8.563 

504.7 0.089 0.631 0.249 0.382 6.648 

504.7 0.205 0.705 0.351 0.353 3.865 

503.3 0.309 0.809 0.455 0.354 2.871 

505 0.399 0.88 0.501 0.379 1.992 

504.3 0.517 0.94 0.646 0.294 2.054 

504.7* 0.605 0.996 0.683 0.312 1.43 

502.6 0.705 1.043 0.795 0.248 1.34 

504.7 0.803 1.07 0.918 0.151 1.486 

504 0.916 1.148 1.036 0.111 0.847 

504.7 0.916 1.137 1.126 0.011 9.157 

CH4 + N2 mixture (Constant composition region) 

140.6 0.619 0.441 0.372 0.069 3.286 

241.3 0.619 0.641 0.542 0.099 3.348 

360.2 0.618 0.851 0.616 0.235 1.617 

504.7* 0.605 0.996 0.683 0.312 1.43 

 

* Common point on both planes. 
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4.5.3 Analysis of Binary Equilibrium Data 
 

In the following section various thermodynamic diagrams for the experimental data 

are presented, along with some examples and relevant discussion. In each Figure the IAST 

predictions are also shown (as solid lines) for reference purpose. 

 

4.5.3.1 X-Y Plot  

` 

The x-y plot gives a quick overview of the adsorption behavior of a binary mixture. 

Unlike the vapor liquid equilibrium, due to the extra degree of freedom for adsorption 

equilibria, the xy- plot is a function of both temperature and pressure. Figure 4.9 shows x-

y plots for the methane-nitrogen systems at constant temperature (308.15 K) and pressure 

(504 kPa). The solid is selective to methane over nitrogen as indicated by both data and 

IAST.  
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Figure 4.9. X-Y plot of CH4 + N2 mixture at 308.15 K and 504 kPa. 
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isotherm represents pure component data so closely, it can be stated that the limits indicated 

by IAST predictions correspond to the pure components behavior. Similarly point B 

corresponds to the pure methane amount adsorbed. 

 

Figure 4.10. Total amount adsorbed with gas phase mole fraction of methane at 308.15 K 

  

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 0.2 0.4 0.6 0.8 1

T
o
ta

l 
am

o
u
n
t 

ad
so

rb
ed

, 
N

t 
(m

o
l/

k
g
)

Gas phase mole fraction in terms of methane, y1

IAST

DATA

B

CH4(1)/ N2(2) on silicalite (308.15 K, 504 kPa) 

A 



93 
 

Figures 4.11 and 4.12 below show the partial amount adsorbed for each individual 

species from the mixture. Once again, the intercept at y1 = 1.0 (point B) in Figure 4.11 and 

at y1 = 0.0 (point A) in Figure 4.12, are related to the pure components. At the limits, data 

seem to approach IAST predictions with a large deviation for the lighter component (i.e. 

nitrogen). What is more important to note is that the shape of the data and IAST predictions, 

are within the accuracy of experimental data. For the methane-nitrogen system on silicalite 

show an azeotrope at high methane concentrations. It was expected that IAST cannot 

predict an azeotrope since the adsorbed phase is assumed to be mixed ideally. As one can 

see from the Figure 4.11, the partial amount adsorbed for methane will increase as methane 

mole fraction increase conversely the partial amount adsorbed for nitrogen will decrease 

with the increase in methane mole fraction. Similarly, the partial amount adsorbed for any 

species must approach zero as its composition goes to zero (Points C and D). 
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Figure 4.11. Amount adsorbed in terms of methane with change in gas phase mole 

fraction of methane at 308.15 K 

 

Figure 4.12. Amount adsorbed in terms of nitrogen with change in gas phase mole 

fraction of methane at 308.15 K 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 0.2 0.4 0.6 0.8 1

M
o

le
s 

o
f 

m
et

h
an

e 
ad

so
rb

ed
, 
N

1
 
(m

o
l/

k
g
)

Gas phase mole fraction in terms of methane, y1

IAST

DATA

D

B

0

0.1

0.2

0.3

0.4

0.5

0.6

0 0.2 0.4 0.6 0.8 1

M
o

le
s 

o
f 

n
it

ro
g
en

 a
d
so

rb
ed

, 
N

2
  
(m

o
l/

k
g
)

Gas phase mole fraction in terms of methane, y1

IAST

DATA
A

C



95 
 

4.5.3.3 Variation in Amount Adsorbed With Equilibrium Gas Phase 

Pressure 

 

The results shown in the previous section showed the effect of composition on the 

amount adsorbed at constant pressure and temperature. In this section we will examine the 

effect of pressure on the amount adsorbed at constant temperature and composition (𝑦1 =

0.6). Figure 4.13 shows the change in the total amount adsorbed (Nt) with pressure and 

Figure 4.14 and 4.15 present the partial amount adsorbed of methane and nitrogen 

respectively (in this case N1& N2) when composition and temperature is kept constant.  

 

Figure 4.13: Variation in total amount adsorbed with change in gas phase pressure at 

constant composition and temperature. 
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Figure 4.14: Partial amount adsorbed of Methane with change in partial pressure at 

constant composition and temperature 

 

Figure 4.15: Partial amount adsorbed of nitrogen with change in partial pressure at 

constant composition and temperature 
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Figures 4.14 and 4.15 show the partial amount of methane and nitrogen adsorbed 

with the change in partial pressure. For comparison purpose, the pure component 

adsorption isotherms for methane and nitrogen (at 308.15 K) are also shown. As expected, 

the partial amount adsorbed in the mixture adsorption isotherm is lower than that of the 

individual pure component at the same gas pressure. In other words, partial amount 

adsorbed of a component from a binary mixture must be lower than that of the pure 

component at the same chemical potential (partial pressure) [62]. All the amounts adsorbed 

for pure component, partial and total amount adsorbed in terms of mixture adsorption must 

starts from zero at zero gas phase pressure.  

 

4.5.3.4 Variation in Selectivity with Equilibrium Gas Phase Pressure  

 

 

Figure 4.16. Selectivity in terms of methane with the change in pressure 
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4.5.3.6 3D Plot for Selectivity 

 

Selectivity data can also be represented in a 3D diagram for easier visualization. 

 

Figure 4.18. Change in selectivity with gas phase composition and pressure for CH4+N2 

mixture on silicalite at 308.15 K 
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4.5.3.7 Variation in Selectivity with Equilibrium Gas Phase 

Composition 

For better clarity, the variation in selectivity of methane over nitrogen with the 

change in gas phase composition is shown in Figure 4.19 for a CH4+N2 mixture at constant 

pressure (504 kPa) and constant temperature (308.15 K). At a constant pressure according 

to IAST prediction, the selectivity remains almost constant with the change in composition. 

In Figure 4.19 the dashed line reflects the selectivity for methane over nitrogen for the 

system as predicted by IAST while symbols represent the actual experimental data.  

 

Figure 4.19. Selectivity in terms of methane with the change in gas phase composition 
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heavy component. Since the difference between charge and final amount in a volumetric 

system for the lighter component is always smaller in the material balance than that of the 

heavier component, by definition of light. The accuracy of light component properties also 

has a large impact on the selectivity. The IAST predictions support this observation. As 

shown in Figure 4.14, IAST predicts the partial amount of methane adsorbed fairly 

accurately while underestimating the amount of nitrogen adsorbed (Figure 4.15). As a 

result, IAST predicts the total amount adsorbed fairly accurately in Figure 4.13 and Figure 

4.17 which is predominantly controlled by the adsorption of heavy component. While 

overestimating the selectivity in Figures 4.16 and 4.19 which is predominantly controlled 

by the adsorption of light component [62, 65]. 

 

4.5.3.8 Thermodynamic Consistency 

 

The spreading pressure plays a pivotal role in adsorption thermodynamics. It is a 

state property indicating the change in the chemical potential of the solid due to adsorption 

of a guest molecule.  

The spreading pressure is related to a measurable quantity at isothermal condition by, 

 𝑑𝜓 =  ∑ 𝑁𝑖 𝑑𝑙𝑛𝑃𝑖 (Constant T) (4.3) 

Thermodynamic consistency check of binary data involves the integration of Equation 

(4.3) for spreading pressure over a closed path. This must be zero since spreading pressure 
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is a state property. In this work, two paths were used: The first is over a constant gas 

composition path spreading pressure is given by, 

 𝜓 =  ∫
𝑁𝑡

𝑃
 𝑑𝑝

𝑃

0

 (Constant y and T) (4.4) 

Figure 4.20 shows the integrand for the data and IAST predictions under this conditions. 

The second is over a constant pressure path, where spreading pressure can be written as,  

 𝜓 =  𝜓(𝑇, 𝑃, 𝑦1 = 1) + ∫ (
𝑁1

𝑦1
−  

𝑁2

𝑦2
)

𝑦1

𝑦1=1

𝑑𝑦1 (Constant P and T) (4.5) 

Where 𝜓(𝑇, 𝑃, 𝑦1 = 1) is the spreading pressure of component 1 (methane in this case) at 

the same pressure and temperature as the mixture. Figure 4.21 shows the integrand for the 

data and IAST predictions under this condition. 

 

Figure 4.20. The integrand in spreading pressure calculations for binary adsorption at 

constant composition and temperature. 
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Figure 4.21: The integrand in spreading pressure calculations for binary adsorption at 

constant pressure and temperature. 
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On the other hand, the quick method of necessary thermodynamic consistency exist 

as described by Talu and Myers [65]. The method states that all thermodynamic consistent 

data and/or model should have the same integral value (i.e. area under the curve) for the 

function shown in Figure 4.21. Therefore mathematically, the curve displayed for model 

(i.e. IAST) and data (points) must intersect at least once. Therefore, it can be stated with 

confidence that the data collected satisfies thermodynamic consistency within its accuracy. 

 

4.6 Literature Review and Comparison 

 

In this section pure component adsorption isotherms on silicalite pellets collected 

in this study for methane and nitrogen are compared with existing literature data 

Experimental data are represented by the virial isotherm curves while points represent data 

from the literature. For the comparison the physical form of adsorbent must be consolidated 

first. Some literature report data on silicalite crystals while others, like this study, report 

data with formed particles. Assuming that the particle forming (pelletizing) with clay 

binders do not change micropore adsorption equilibrium characteristics, the difference 

should only be a scale difference due to added weight of binder material. Therefore all the 

literature data are corrected by a binder correction factor assuming that the adsorbent 

material has 20% binder in it (which does not take part in adsorption). These corrections 

affected the literature results by 20% as most of the literature data are obtained with 

silicalite crystals, without binder, except the one by Tezel et al. [37, 38, 45] and Abdul-

Rehman et al. [1] where the silicalite with 20% binder was the material used. Although it 
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is not possible to find isotherm comparisons at exactly the same temperature as the ones 

presented here, qualitative comparisons can still be made as adsorption capacity increases 

as temperature decreases. 

 

Figure 4.22. Pure methane adsorption isotherms on silicalite and comparison with 

literature data. 
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As it is shown in Figure 4.22, the experimental data collected in this study for 

methane are represented by virial isotherm curves at three different temperatures (i.e. 10°C, 

35°C, and 65°C) and points represents data from the literature. Talu et al. [60] have 

measured methane isotherm at three different temperature (i.e. 3.8 °C, 34.8 °C, and 79.6 

°C) on silicalite crystals. After binder correction the results at 34.8 °C by Talu et al. [60] 

are in well agreement with the data collected in this study at 35 °C. As is apparent in Figure 

4.22, results collected by Choudhary et al. [12] at 30.85 °C, adsorption isotherm is well 

above the result collected in this study at 35 °C, which might be because of the different 

silicalite supplier. Results collected by Golden and Sircar [22], and Dunne et al. [18] on 

silicalite crystals after binder correction are in good quantitatively agreement considering 

different temperatures. All the datasets are following the trend that uptake will decrease as 

temperature increases. Results collected by Abdul-Rehman et al. [1] and Rees et al. [54] 

are not shown in the comparison because the isotherm measurements were too far from the 

measurements made in this study. 
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Figure 4.23. Pure nitrogen adsorption isotherms on silicalite and comparison with 

literature data. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 100 200 300 400 500 600 700 800

A
m

o
u
n
t 

ad
so

rb
ed

, 
N

 (
m

o
l/

k
g
)

Pressure, P (kPa)

10 C 35 C 65 C

31.9 C, GOLDEN ET AL [22] 68.7 C, GOLDEN ET AL [22] 61.46 C, DUNNE ET AL [18]

40 C, TEZEL ET AL [38] 70 C, TEZEL ET AL [38] 71.57 C, DUNNE ET AL. [18]



109 
 

Figure 4.23 shows the experimental data collected in this study for nitrogen as 

represented by virial isotherm curves at three different temperatures (i.e. 10°C, 35°C, and 

65°C) while points represents data from the literature. Tezel et al. [38] measured nitrogen 

adsorption at three different temperatures (i.e. 40 °C, 70 °C, and 100 °C) on silicalite pellets 

using a volumetric technique. Their uptake for all the isotherms are very high compared to 

the uptake measured in this study. Golden et al. [22] reported this measurement at two 

different temperatures, 31.9 °C and 68.7 °C on silicalite crystals. When their results are 

compared after binder correction with the results collected from this study, it can be seen 

that adsorption capacities are in good qualitative agreement for nitrogen, considering 

different temperatures. Dunne et al. [18] measured isotherm up-to relatively low pressure 

(i.e. up to 100 kPa) at two different temperatures, 61.46 °C and 71.57 °C on silicalite 

crystals; and their results are also in good qualitative agreement with the those measured 

in this study at 65 °C. 

As it can be seen from Figures 4.22 and 4.23, the experimental data match very 

well with data from the literature for methane, while data reported by Tezel et al. [38] 

shows a much higher adsorption capacity than any other literature data for nitrogen. The 

difference can be speculated to be attributable to the adsorbent being purchased from 

different supplier.
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Figure 4.24. Amount adsorbed with change in gas phase composition data and their 

comparison with Tezel et al.  [37]
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Figure 4.25. X-Y diagram and comparison with Tezel et al. [37] 

  

Figure 4.26. Selectivity Vs Gas phase mole fraction and comparison with Tezel et al. [37]
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As it can be seen in Figure 4.24, it was expected that total amount adsorbed, Nt, 

partial amount adsorsorbed for both methane and nitrogen are higher in this study 

compared to reported by Tezel et al. [37], as their experiment was conducted at a fairly 

lower Pressure (i.e. 100 kPa Vs. 504 kPa). As pressure increases, the total and partial 

amounts adsorbed increase. The temperature was nearly similar in both the studies. The 

total and partial amount adsorbed for the heavy component (i.e. methane) curves are 

convex to horizontal axis when plotted against gas phase mole fraction for heavy 

component which is highly usual. While experimental total amount adsorbed from this 

study is concave to horizontal axis and following IAST predictions very well. From Figure 

4.25, it reflects that the data points that Tezel et al. [37] collected for the adsorbed phase 

and gas phase composition are very close to those predicted by IAST. Data points are 

slightly scattered in this study compared to IAST predictions which is due to experimental 

shortcoming in mixing the gases properly before introducing them to the solid adsorbent. 

From Figure 4.26, it reflects that the experimental selectivity in Tezel et al. [37] shows 

maximum in the range of y1 between 0.5 and 0.6; which is unusual. The predicted 

selectivity in this study on the other hand remains constant all over the composition range. 

The point to emphasize here is that the adsorption behavior of a methane and nitrogen 

mixture on silicalite adsorbent was studied by concentration pulse chromatography in Tezel 

et al. [37], while in this study a volumetric technique was used for binary measurements.
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

 

5.1 Pure Component Adsorption Equilibrium Measurements Using 

Volumetric System 

 

A standard volumetric technique was used to measure pure component adsorption 

isotherms of methane and nitrogen on silicalite adsorbent at three different temperatures 

(283.15 K, 308.15 K, and 338.15 K). Since methane has no dipole or quadrupole moment, 

its stronger adsorption is due to a high degree of polarizability than that of nitrogen. The 

adsorption capacity on silicalite adsorbents increases with decreasing temperature for both 

of the adsorbates, since physical adsorption is always an exothermic process. Pure 

component adsorption isotherms were modeled using virial model for both gases. Henry’s 

constants are of utmost thermodynamic importance in modeling all adsorption equilibria. 
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In general, a better estimate of the Henry constant can be obtained from the Virial model. 

Isotherms for both gases were successfully modeled using a Virial isotherm model with 

four parameters. Henry’s constant for methane was found to be 3.81 times stronger than 

that of nitrogen at 308.15 K temperature. 

Isosteric heat of adsorption is also an important property as it affects the energy of 

the adsorbed phase. The limiting isosteric heats of adsorption at zero coverage for methane 

and nitrogen indicate a stronger adsorption of methane compared to that of nitrogen. The 

silicalite is showing heterogeneity for both methane and nitrogen as indicated by the 

negative slope of isosteric heat (Figure 4.7). 

 

5.2 Binary Adsorption Equilibrium Measurements Using Volumetric 

System 

 

Because of the extra degree of thermodynamic freedom in adsorption, even the 

simplest multi-component adsorption equilibrium measurement is difficult and time 

consuming. Binary equilibria of methane and nitrogen mixtures covering the whole 

concentration range was measured at 308.15 K and 504 kPa. The equilibrium data was 

subjected to thermodynamic consistency tests. IAST predictions closely matched 

experimentally measured total amount adsorbed results for the complete range of 

concentration. The reason is total amount adsorbed is predominantly controlled by the 

adsorption of heavy component (i.e. methane). The change in the partial amount adsorbed 
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with pressure for both the species is following IAST in the beginning but they deviate from 

predictions at high pressure.  

Adsorption selectivity is a thermodynamic variable of interest analogous to relative 

volatility of vapor-liquid equilibria. The measurement of selectivity in adsorption 

equilibria is a challenging task since errors in the measurements are greatly magnified as 

selectivity is predominantly controlled by the adsorption of lighter component. The main 

reason for the difficulty is the fact that surface phase properties are only measurable as 

changes in gas phase, whereas in the VLE the equilibrium properties are directly 

measurable in both phases. The uncertainty in selectivity measurements are higher 

compared to those of the total amount adsorbed. Particularly because large error is 

introduced in measurement of the partial amount adsorbed for the lighter species. The 

binary experiments indicated constant equilibrium separation factors for methane-nitrogen 

separation throughout the composition range. According to the pure gas and binary mixture 

isotherm data on silicalite, methane is adsorbed more compare to nitrogen and therefore, it 

cannot be considered as a good candidate for natural gas upgrading. 
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APPENDIX A 

Error Analysis and Uncertainties in Primary Data Measurement 

The purpose of this analysis is to estimate the impact of uncertainties in 

experimental measurements on the uncertainty of thermodynamic properties. The pure 

component isotherm for methane and nitrogen in silicalite was collected on closed 

volumetric system. The measurements involved in the pure component adsorption isotherm 

that appeared in Equations 3.3 & 3.4; 3.10 & 3.11 are: 

I. Pressure measured by a transducer at different steps of the procedure, 

II. Volumes in different parts of the apparatus which are measured by a 

combination of mercury displacement and helium expansion techniques, 

III. Temperature which is controlled by an external bath and measured by a 

thermocouple in the column, 

There are numerous ways to estimate the impact of uncertainty in primary 

measurements on the final calculated results. Propagation of error is one such technique 

which calculates the most-probable error bounds on the final results. If a property X is 

calculated by a mathematical expression; 

 𝑋 = 𝑓(𝑌, 𝑍, … ) (A.1) 

Where the measurements Y, Z, and so on are subject to uncertainty of DY, DZ, then the 

uncertainty DX can be calculated as [62]; 

 ∆𝑋 =  √{(
𝑑𝑓

𝑑𝑌
)|

𝑍
∗ ∆𝑌}

2

+ {(
𝑑𝑓

𝑑𝑍
)|

𝑌
∗ ∆𝑍}

2

… (A.2) 
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APPENDIX B 

Calibration Data for Gas Chromatograph 

The composition of the bulk gas phase at equilibrium in binary adsorption 

experiments using a volumetric system is analyzed using a gas chromatograph. The 

following section summarizes the results of a typical GC calibration. Other binary mixtures 

while doing actual experiments would yielded similar results. 

The K-factor for any GC output is given by Equation (3.6) and is related to the 

composition of the mixture being analyzed through Equation (3.8). The following Table 

B.1 lists the results of a typical GC calibration for a binary mixture of CH4+N2 at constant 

injection pressure of 15 psi and by varying gas phase compositions. The column yCH4 

indicates the actual (as measured from material balances) mole-fraction of the methane in 

the calibration gas mixture. The third column indicate the percentage area fraction under 

the peaks for the gas mixture that is calculated for. 

Table B.1. Results of GC Calibration for CH4+N2 Mixture on Silicalite 

YCH4 K-factor (mean) %ACH4 Std. Dev Std. Dev+ Std. Dev- 

7.0% 1.195 5.9% 0.009 1.205 1.186 

10.0% 1.200 8.5% 0.015 1.215 1.185 

30.0% 1.299 24.8% 0.002 1.301 1.297 

50.0% 1.347 42.6% 0.001 1.348 1.346 

70.0% 1.370 63.0% 0.011 1.382 1.358 

90.0% 1.396 86.6% 0.010 1.406 1.386 
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APPENDIX C 

Matlab Code for Binary Prediction from IAST 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

 

 

% prahar.m 
clc % clear screen 
% transfer parameters 

  
global y1 P k b c d s12 s21 
fprintf ('\n *** Ideal Adsorbed Solution Theory *** \n'); 

  

  
k1=5.022; % CH4--35 °C, 
b1=0.98; 
c1=-0.457; 
d1=0.32; 

  
k2=6.361324; % N2--35 °C 
b2=1.278962; 
c2=-0.72605; 
d2=0.347659; 

  
% set parameters 
k = [k1; k2]; 
b = [b1; b2]; 
c = [c1; c2]; 
d = [d1; d2]; 

  
% set known conditions 
y1 = 0.01; % an initial value 
P = 1; % just an initial value 

  
% set problem 
fun = 'prahar_f'; 
n1o = 0.01; 
n2o = 0.01; 
x1 = 0.01; 
x2 = 1 - x1; 
P1o = 10; 
P2o = 1; 

  
% set initial guess 
x0 = [x1; n1o; n2o; P1o; P2o]; 

  
% % uncomment to check ! 
% F0 = feval(fun, x0) 
% Fnorm = norm(F0) 
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options =optimset('Display','off'); 

  
% solve for a given y1 value 
y1_initial = y1; 
y1_final = 1.0; 
y1_values = linspace (y1_initial, y1_final, 20)'; 

  
% solve for a given P value 
P_initial = P; 
P_final = 600; 
P_values = linspace (P_initial, P_final, 20)'; 

  
% initialize 
Results = []; 
for e = 1:1:length(y1_values) 
y1=y1_values(e); 
for counter = 1:1:length(P_values) 
P = P_values(counter); 
x = fsolve (fun, x0, options); 
F = feval(fun, x); 
Fnorm = norm(F); 

  
% recover variables 
x1 = x(1); 
x2 = 1-x1; 
n1o = x(2); 
n2o = x(3); 
P1o = x(4); 
P2o = x(5); 

  
% total amount adsorbed 
nt= n1o*n2o/(x1*n2o+x2*n1o); 

  
% % selectivity 
 s12= x1*(1-y1)/(x2*y1); % s1,2 
 s21= (x2*y1)/x1*(1-y1); % s2,1 

  
Results = [Results; P, y1, nt, x1, n1o, P1o, x2, n2o, P2o, s12, s21, 

Fnorm]; 

  
% reset initial condition 
x0 = x; 
end 
x0=[0.01;0.1;0.1;10;1]; % the initial assumption 
end 

  

  
figure(1)% 3D Total amount adsorbed plot, Nt 
display (Results); 
x=Results(:,1);y=Results(:,2);z=Results(:,3); 

  
scatter3(x,y,z) % 3-D scatter plot 
xlabel('Pressure (kPa)') 
ylabel('Gas fraction of CH4 y1') 
zlabel('Total amount adsorbed nt (mol/kg)') 
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figure(2) %3D selectivity plot, S1/2 
display (Results); 
x=Results(:,1);y=Results(:,2);z=Results(:,10); 

  
scatter3(x,y,z) % 3-D scatter plot 
xlabel('Pressure (kPa)') 
ylabel('Gas fraction of CH4 y1') 
zlabel('Selectivity of methane over nitrogen, S1/2') 
 

 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

 

 

% PRAHAR_f 
% function for IAST 
% PRAHAR S VAIDYA 
function F = prahar_f(x) 
global y1 P k b c d 
% recover parameters 
k1 = k(1); 
k2 = k(2); 
b1 = b(1); 
b2 = b(2); 
c1 = c(1); 
c2 = c(2); 
d1 = d(1); 
d2 = d(2); 
% initialize 
F = zeros(size(x)); 
% recover variables 
x1 = x(1); 
x2 = 1 - x1; 
n1o = x(2); 
n2o = x(3); 
P1o = x(4); 
P2o = x(5); 
F(1) = y1 - x1*P1o/P; 
F(2) =(1-y1)-(1-x1)*P2o/P; 
e1 = k1 + b1*n1o + c1*n1o^2+d1*n1o^3; 
F(3) = P1o - n1o * exp(e1); 
e2 = k2 + b2*n2o + c2*n2o^2+ d2*n2o^3; 
F(4) = P2o - n2o * exp(e2); 
ee1 = n1o + b1/2 * n1o^2 +2*c1/3 * n1o^3 +3*d1/4 * n1o^4; 
ee2 = n2o + b2/2 * n2o^2 +2*c2/3 * n2o^3 +3*d2/4 * n2o^4; 
F(5) = ee1 - ee2; 
return 
end 
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