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Abstract

Modeling and simulation of an adsorption-based gas separation process require accurately measured gas adsorption isotherms
and isotherm model fittings. In this study, adsorption equilibria data of pure Methane (CH4) and Carbon Dioxide (CO2) onto
activated carbon adsorbent (Calgon Co.) were extracted from the literature. Each experimental isotherm was correlated by the
Simple Langmuir (SL), Dual Process Langmuir (DPL), Three Process Langmuir (TPL), Toth, and the Unilan models and the deviations
were evaluated. Other than SL, all four models showed very good agreement with the experimental data. The fitting parameters
for all models presented in this article can be used for any type of adsorption-based separation modeling which includes the BPL-
activated carbon and analyzed gases.
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INTRODUCTION

Adsorption-based gas separation and purification have been widely used in industry for air
separation, CO; sequestration, Argon recovery, and hydrogen or methane purification. Pressure Swing
Adsorption (PSA) is one of the most attractive options in those technologies because of its low energy
requirements and low capital investment costs. Adsorbent selection plays a key role in the PSA process.
(Chouikhi et al., 2020; Dolan & Michael J. Mitariten, 2003; Fouladi et al., 2020; Park et al., 2020;
Reynolds et al., 2006; Ribeiro et al., 2008; Ruthven et al., 1994; Santos et al., 2007; Yang, 1997)

The adsorption-based gas separation and purification techniques employ a variety of adsorbents.
Among the other adsorbents used in industry, activated carbon has a very complex structure but its high
surface area and micropore volume provide it with outstanding adsorbent characteristics. (Do, 1998).
Activated carbon is widely used in adsorption separation processes as a result of its attractive adsorption
properties (Dantas et al., 2011; Sircar et al., 1996; Sircar & Golden, 2000; Tagliabue et al., 2009).

Before performing adsorption simulations, precise data on adsorption isotherms should be
acquired. Isotherm data can be measured by gravimetric, volumetric, and chromatographic techniques.
In the case of high-pressure isotherm measurements, the gravimetric technique is more reliable due to

the direct measurements of adsorbed mass (Belmabkhout et al., 2004).

The simulation studies prior to pilot scale or industrial scale processes can save time and money.
It is very crucial to have accurate information before starting a simulation. The adsorption isotherm data
then must be modeled using some empirical equations in order to use them in computer simulations.
There are many adsorption isotherm models developed and used in literature in this regard. Langmuir
and more sophisticated versions of Langmuir are by far the most famous adsorption isotherm models
used in the literature. The Langmuir isotherm assumes monolayer coverage of adsorbate with the surface
of the adsorbent having homogeneous sites with constant adsorption energy over all these sites. The
DPL and TPL models are more sophisticated versions of the Simple Langmuir model with the
presumption that the free energy of the adsorbate-adsorbent on each site is constant. It depicts the
adsorption of a gas on a heterogeneous adsorbent made up of two and three energetically distinct but
homogeneous sites. On the other hand, the Toth models were created in order to broaden the use of the
Langmuir model in heterogeneous systems (Toth, 1971). It is assumed that the adsorption energies of
the majority of adsorption sites are less than the mean energy (Ho et al., 2002). The parameter t deviation
further away from unity indicates that the adsorption system is more heterogeneous (Do, 1998). It
converges to the Simple Langmuir model when t equals one, which emphasizes the system is

homogeneous.
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Unilan equations are empirical equations that describe adsorption on heterogeneous surfaces by
assuming a heterogeneous surface and a site yield energy distribution that is nearly continuous. The
greater the value of parameter s, the more heterogeneous the system (Do, 1998).

In this study, the extracted experimental data were fitted with the Simple Langmuir (SL), Dual
Process Langmuir (DPL), Three Process Langmuir (TPL), Toth, and Unilan models. Fitting performance
and corresponding fitting parameters were investigated for all models. The coefficients of determination
(R?) values were also evaluated at each temperature. These findings can help with the design of various
adsorption systems that use BPL-activated carbon and CH,4 or CO; gases. The findings of this study can

also be applied to the assessment of the adsorption potential of newly developed adsorbents.
METHODS
Experimental

Experimental data from other works of the authors were used in this work (H. Erden, 2016; L.
Erden, 2016). The Methane and Carbon Dioxide adsorption isotherm data on BPL-activated carbon
adsorbent, a commercial granular activated carbon (Calgon Co.), were extracted from previously
published data at 298.15, 323.15, and 348.15 K and in the pressure range of 0 - 700 kPa. The
experimental part can be found in the other works of the authors (H. Erden, 2016; L. Erden, 2016), in
detail.

Isotherm Models

For later usage in a particular gas separation application, a reliable correlation of the adsorption
equilibrium data is required. In this paper, the data from the experimental adsorption equilibrium have
been correlated using Simple Langmuir (SL), Dual Process Langmuir (DPL), Three Process Langmuir
(TPL), Toth, and Unilan models. For each model, the temperature-dependent equations and the main
model equations, given in Table 1, were used to determine model adsorption loading values (q; moqer)

corresponding to each partial pressure. By simultaneously regressing all of the experimental single-gas

. C e .. 2 .
data acquired at each temperature and minimizing Z?=1(qi,moaez — qi,experimenta,) using MS Excel's

Solver, the fitting parameters were produced.

The SL, DPL, and TPL models are three different versions of the Langmuir isotherm. When a gas
is adsorbing on a heterogeneous adsorbent made up of two energetically distinct but homogenous sites,
the DPL model is used to describe the process. The TPL model also explains the adsorption of a gas on
an adsorbent made up of three homogenous but energetically distinct sites (Bhadra et al., 2011). On each

site, it is assumed that the free energy of adsorbate-adsorbent is constant.
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Table 1. Adsorption equilibrium model equations used in this paper.

Model | Main Equation Dependent equations
q°bP E
SL - <7) _ (_)
q (1+bP) b = b,exp T
qib,P ) < q;b,P )
DPL q= (— +|— exp< )
(1 + blP) site 1 (1 + bZP) site 2
Sh, P Sb,P $hyP
w | o=(@hhn) tares) (dien) e ()
( + 1 ) site 1 ( + 2 ) site 2 ( + 3 ) site 3 T
Toth __ @bP b= boexp ( )
(1+ (bP))) /e f=p
° T
E
b = b,exp RT
Unilan q= & n <M> E= Emax + Emin
2s 1+ be=SP - 2
s = Emax - Emin
2RT

The SL, DPL, and TPL equations can be seen in Table 1. The parameter q; is the saturation
capacity and b is the affinity parameter on-site j. E; is the adsorption energy of the gas and b; , is the
pre-exponential factor on-site j. T is the temperature and P is the absolute pressure (Table 1) (Bhadra et

al., 2011).

The representation of the Toth and Unilan models can also be seen in Table 1. The parameters t
and s represent the heterogeneity of the system for the Toth and Unilan equations. b and t are dependent
on temperature for the Toth equation. For the Unilan equation, b and s values depend on the temperature

(Do, 1998).

RESULTS and DISCUSSION

Five different adsorption isotherm models were applied to experimental CHs and CO.
adsorption isotherm data. The experimental adsorption isotherms on BPL-activated carbon were
reported corresponding to each adsorption model for easy comparison separately for detailed
information. Figure 1 to Figure 5 show the adsorption isotherms for pure CH. and CO; on BPL activated
carbon at 25, 50, and 75 °C between 0 and 700 kPa obtained after outgassing the sample overnight at
150 °C (H. Erden, 2016; L. Erden, 2016). Experimental data for both CH4 and CO, gases exhibit a convex
curvature of type-1 adsorption isotherm according to the IUPAC classification for all three temperatures
under these conditions. The adsorption isotherm data were also fitted with 5 different adsorption

isotherm models.
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Log-log scale isotherms were also reported in order to check the precision of the measured
isotherms. It can be seen from the log-log scale adsorption isotherms that all measured isotherm slopes

are showing constant behavior at low pressures, Henry’s law region.

Simple Langmuir (SL) adsorption isotherm model was applied to the experimental CH, and
CO, adsorption data. The SL model fits in linear form and the logarithmic scale for both gases are shown
in Figure 1. The logarithmic scale isotherms show detailed fitting performance in Henry’s law region
which can not be seen well in linear scale. The SL fitting parameters and coefficient of determination
(R?) were given in Table 2 for the Simple Langmuir model. It can be seen from the R? values that the
SL model is substantially fitting the experimental data.

The Dual Process Langmuir (DPL) adsorption isotherm model was applied on the experimental
CH4 and CO; adsorption data. The DPL model fittings concerning experimental data in linear form and
logarithmic scale for both gases are shown in Figure 2. The DPL fitting performance in Henry’s law
region is obviously better compared to the SL model which can be seen in the log-log scale graphs of
Figure 1 and Figure 2. The DPL fitting parameters and coefficient of determination (R?) were given in
Table 3 for the Dual Process Langmuir model. It can be seen from the R? values that the DPL model is

fitting the experimental data quite well.

Three Process Langmuir (TPL) adsorption isotherm model was applied to the experimental CH,
and CO- adsorption data. The TPL model fittings with respect to experimental data in linear form and
logarithmic scale for both gases are shown in Figure 3. The fitting performance in Henry’s law region
is the best for the TPL model compared to other Langmuir models (SL and DPL) which can be relatively
seen in log-log scale graphs of Figure 1 to Figure 3. The TPL fitting parameters and coefficient of
determination (R?) were given in Table 4. It can be seen from the R? values that the TPL model is

perfectly matching the experimental data for both gases and all three temperatures.

The temperature-dependent Toth adsorption isotherm model was applied to the experimental
CH, and CO; adsorption data. The Toth model fittings with respect to experimental data in linear form
and logarithmic scale for both gases are shown in Figure 4. The fitting performance in Henry’s law
region is also quite well for the Toth model which can be seen in the log-log scale graphs of Figure 4.
The Toth fitting parameters and coefficient of determination (R?) were given in Table 5. It can be seen

from the R? values that the Toth model is fitting quite well the experimental data for both gases.

Another temperature-dependent adsorption isotherm model used in this study was the Unilan
model. It was applied to the experimental CH4 and CO; adsorption data. The Unilan model fittings with
respect to experimental data in linear form and logarithmic scale for both gases are shown in Figure 5.

The fitting performance in Henry’s law region is pretty good for the Unilan model which can be seen in

29



Erden & Erden / Uluslararasi Fen Arastirmalarmda Yenilik¢i Yaklasimlar Dergisi |
International Journal of Innovative Approaches in Science Research, 2023, Vol. 7 (1), 25-36

the log-log scale graphs of Figure 5. The Unilan fitting parameters and coefficient of determination (R?)

were given in Table 6. It can be seen from the R? values that the Toth model is fitting quite well the

experimental data for both gases.

Regarding the 5 different models applied to the experimental data, TPL, DPL, and Toth models

gave the best fittings for both gases investigated. On the other hand, SL and Unilan models showed quite

well-fitting performances.

Table 2. Fitting parameters of the Simple Langmuir model and R? for each temperature.

Gas g b E R? R? R?
mol *kg'! kPal K (25°C) (50°C) (75°C)
CO2 7.210 4.318*107 2696.62 0.99680 0.99739 0.99699
CHa 4,227 2.161*107 2116.84 0.99839 0.99917 0.99953
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Figure 1. Simple Langmuir isotherm model fittings for adsorption isotherm data of CH, and CO- onto
BPL-Activated Carbon at three different temperatures in linear (left), logarithmic scale (right). Solid
circles for experimental data (25 °C), solid lines for the SL model (25 °C), Triangles for experimental
data (50 °C), dashed lines for the SL model (50 °C), Squares for experimental data (75 °C), dotted lines

for SL model (75 °C).
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Table 3. Fitting parameters of the Dual Process Langmuir model and R? for each temperature.

Gas q:° bs° E: q2° b2° E2 R? R? R?
mol *kg?  kPa?l K mol *kg?  kPal K (25°C)  (50°C)  (75°C)
CO2 0,919 4 54E-07 3371,01 8,620 3,39E-07 2520,24 0.99998 0.99993 0.99993
CHas4 0,543 6,73E-07 3040,38 5,092 2,02E-06 1901,02 1.00000 0.99999 0.99997
1 -
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Figure 2. Dual Process Langmuir isotherm model fittings for adsorption isotherm data of CH, and CO>
onto BPL-Activated Carbon at three different temperatures in linear (left), logarithmic scale (right).
Solid circles for experimental data (25 °C), solid lines for the DPL model (25 °C), Triangles for
experimental data (50 °C), dashed lines for the DPL model (50 °C), Squares for experimental data (75

°C), dotted lines for DPL model (75 °C).
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Table 4. Fitting parameters of the Three Process Langmuir model and R? for each temperature.

Gas q:’ bs° E: q2° b2° E2 q3° b3° Es R? R? R?
mol *kg* kPat K mol *kg* kPat K mol *kg* kPat K (25°C) (50°C) (75°C)
CO2 0,431 9,7E-08 4065,75 8,014 1,47E-07 2568,86 2,70 9,92E-07  2553,4 0.99999  0.99997  0.99997

CHa 0,537 6,73E-07  3042,90 2,027 2,02E-06  1896,535 3,05 2,02E-06  1907,6  1.00000  0.99998  0.99997
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Figure 3. Three Process Langmuir isotherm model fittings for adsorption isotherm data of CH4 and CO>
onto BPL-Activated Carbon at three different temperatures in linear (left), logarithmic scale (right).
Solid circles for experimental data (25 °C), solid lines for the TPL model (25 °C), Triangles for
experimental data (50 °C), dashed lines for the TPL model (50 °C), Squares for experimental data (75

°C), dotted lines for TPL model (75 °C).
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Table 5. Fitting parameters of the Toth model and R? for each temperature.

Gas g bo E to te R? R? R?
mol *kgt kPal K - K (25°C) (50°C) (75°C)
CO2 20,669 5,01E-05 4,02E-07 2623,95 0,4217 0.99988 0.99993 0.99983
CHa 8,073 2,04E-06 1,89E-06 2059,72 0,5803 0.99983 0.99993 0.99975
3 10
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Figure 4. Toth isotherm model fittings for adsorption isotherm data of CH4 and CO. onto BPL-Activated
Carbon at three different temperatures in linear (left), logarithmic scale (right). Solid circles for
experimental data (25 °C), solid lines for the Toth model (25 °C), Triangles for experimental data (50
°C), dashed lines for the Toth model (50 °C), Squares for experimental data (75 °C), dotted lines for Toth
model (75 °C).
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Table 6. Fitting parameters of the Unilan model and R? for each temperature.

Gas Os bo Emax Emin R? R? R?
mol *kg? kPa! J*mol*! J*mol*! (25°C) (50°C) (75°C)
CO2 19,57017 2,85E-07 26909,62 4675,87 0.99878 0.99894 0.99846
CHa 10,04359 1,5E-06 21570,75 3770,144 0.99950 0.99971 0.99979
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o

0,01
L
pl
0,001 — -
0 200 400 600 800 0,1 1 10 100 1000
P (kPa) P (kPa)
6 10
_ CO2-UNILAN CO2-UNILAN
> 1
4
2 3 o
-~ ~
o3 °
£ E
o = 0,01
2
" 0,001
O » L Il » '] 'l 010001 L A Ananmi '] a g o nuell
0 200 400 600 800 001 01 1 10 100 1000
P (kPa)

P (kPa)

Figure 5. Unilan isotherm model fittings for adsorption isotherm data of CH, and CO, onto BPL-
Activated Carbon at three different temperatures in linear (left), logarithmic scale (right). Solid circles
for experimental data (25 °C), solid lines for the Unilan model (25 °C), Triangles for experimental data
(50 °C), dashed lines for the Unilan model (50 °C), Squares for experimental data (75 °C), dotted lines

for Unilan model (75 °C).
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Conclusion

In this paper, we present 5 different adsorption isotherm model fittings for experimental CH, and
CO; adsorption data on BPL-activated carbon for pressures ranging from 0 to 700 kPa and for
temperatures ranging from 25°C to 75°C. DPL, TPL, and Toth models perfectly matched, whereas SL
and Unilan models showed relatively good agreement with experimental data. Any adsorption-based
separation modeling that uses BPL-activated carbon and CH4-CO- gases can use the fitting parameter

information offered in this article.
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