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In this paper based on the principle of solution thermodynamics
or gas–solid equilibrium, a relation is developed to express gas
dsorption isotherms. An activity coefficient model based on weight
raction of sorbate in the solid phase has been derived that well
escribes the behavior of various gases on different types of adsor-
ents. The proposed model has been evaluated and compared with
our other models commonly used for gas adsorption isotherms in the
iterature. For 12 different systems at various isotherms for the tem-
erature range 2128 to 100°C and the pressure range 0.02 to 1219
Pa for 689 data points, the proposed model predicts equilibrium
ressure with an average deviation of 5.3%, which is about half of the
rror obtained from other methods. The proposed model clearly
utperforms other available methods such as the vacancy solution
heory, the ideal adsorption solution model, and other various mod-
fied forms of the Langmuir isotherm. Unique features of the pro-
osed model are its simplicity, generality, and accuracy over the
ntire pressure and temperature ranges. © 1999 Academic Press

Key Words: gas adsorption isotherm; thermodynamic model;
olid activity coefficient.

INTRODUCTION

Environmental concerns have brought about strict regula
o limit contaminant emission. Common gases such as ca
onoxide, carbon dioxide, and hydrogen sulfide are pres

emoved by temperature swing adsorption (TSA) and/or pre
wing adsorption (PSA). Molecular sieves and selective m
ranes have made adsorption a most economical and viab
peration for separation of gaseous mixtures. The complex
dsorption phenomena and the lack of accurate and com
xperimental adsorption data have been major factors influe

he development and application of adsorption technology.
The variation in solid phase concentration of the sorbaq

mol/kg of adsorbent), as a function of the vapor/gas p
quilibrium pressure,P (concentration of the sorbate, kPa)
xpressed by an isotherm. Langmuir (1) has considered s
inetics and developed the isotherm equation

P 5
1

b0

u

1 2 u
, [1]

1 To whom correspondence should be addressed.
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hereb is a constant for a sorbate–adsorbent system at a
emperature. Parameteru is the fraction of surface covered
as molecules.u is defined as

u 5
q

q0
, [2]

here q0 is the maximum amount of gas adsorbed for
urface coverage and it is a constant for a sorbate–adso
ystem at a given temperature. Combining Eqs. [1] and
ives another form for the Langmuir isotherm,

q 5
q0b0P

1 1 b0P
, [3]

hereq0 and b0 are the two parameters that must be de
ined from experimental data.
There are a number of modified forms of the above exp

ion (Eq. [1] or Eq. [3]) to account for the nonideal behavio
orbates and the structure of adsorbents. The vacancy so
heory (VST) has been presented by Suwanayuen and D
2) based on the Wilson activity coefficient model for
onideality from the Langmuir isotherm. The VST has

orm

5 F 1

b0

u

1 2 uGFL12

1 2 ~1 2 L21!u

L12 1 ~1 2 L12!uG
3 expF2L21~1 2 L21!u

1 2 ~1 2 L21!u
2

~1 2 L12!u

L12 1 ~1 2 L12!uG , [4]

here L12 and L21 are the Wilson parameters. When th
arameters are equal to unity, Eq. [4] reduces to the Lang

sotherm, Eq. [1]. Therefore, the VST model is a four-par
ter correlation (b0, q0, L12, andL21) and these paramete
ust be determined from nonlinear regression of experim
ata onP versusq. In this model convergence in some ca

s a problem in obtaining the correlation parameters as
ussed by Cochranet al. (3).
The ideal adsorption solution (IAS) theory, proposed
yers and Prausnitz (4), for mixed-gas adsorption is base
0021-9797/99 $30.00
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310 RIAZI AND KHAN
he concept of an ideal adsorbed solution, and by using
ical surface thermodynamics, an expression analogo
aoult’s law was obtained. Moon and Tien (5) have sugge
method for calculating multicomponent gas adsorption e

ibria from pure component data based on the IAS theory.
ingle component isotherm data can be expressed by a
ed form of the Langmuir equation as

q 5
q1b1P

1 1 b1P
1

s1
2q1b1P~1 2 b1P!

2~1 2 b1P!3 , [5]

hereq1, b1, ands1 are the three constants for each isothe
hens1 is zero this equation reduces to Eq. [3], the Langm

sotherm.

TAB
Experimental Data on Gas Adsor

System Adsorbate gas Adsorbent
Temperature

(°C)

1 Carbon dioxide Mordenite 10
30
50

2 Hydrogen sulfide Mordenite 10
30
65
95

3 Propane Mordenite 10
30
51

4 Ethane Molecular sieve 13-X 0
25
50

100
5 Ethylene Molecular sieve 13-X 25

50
100

6 Carbon dioxide Molecular sieve 13-X 25
50

7 Isobutane Molecular sieve 13-X 25
50

100
8 Carbon monoxide Molecular sieve 5-A 2128
9 Carbon monoxide Molecular sieve 10-X 2128

10 Oxygen Molecular sieve 5-A 2128
11 Propadiene Activated carbon 5

15
20
30

12 Propylene Activated carbon 5
15
20
30

Total H2S, CO2, CO, O2,
C2H3, C2H6, C3H8,
C3H4, C3H6, iC4H10

Zeolite, mordenite
activated carbon

2128 to 100
s-
to

ed
i-
e
di-

.
ir

Khan et al. (6) have suggested a generalized isotherm
isolute adsorption from dilute aqueous solution. This co

ation has a unique characteristic, covering both extremes
angmuir isotherm and the Freundlich isotherm. Khanet al.
7) have simplified their generalized equation for pure com
ent adsorption isotherms as follows:

q 5
q2b2P

~1 1 b2P!s2
. [6]

n this correlation three parametersq2, b2, and s2 must be
etermined for each isotherm. Whens2 is equal to unity, Eq

5] reduces to the Langmuir isotherm (Eq. [3]). There are m
ther modified versions of the Langmuir isotherm such as

1
n Isotherms Used in This Study

ressure range
(kPa)

Amount
adsorbed

(range, mol/kg)
No. of

data points Data source

0.32–60.76 0.38–2.36 18
0.37–138.7 0.25–2.38 41 Talu and Zwiebel (13
0.63–292.7 0.21–2.44 34

0.41–9.830 1.13–2.27 17
0.49–27.62 0.89–2.28 22 Talu and Zwiebel (13
0.48–79.18 0.39–2.24 23
3.19–101.9 0.64–1.95 7

0.02–115.0 0.10–1.26 30
0.10–206.8 0.09–1.24 34 Talu and Zwiebel (13
0.51–207.5 0.17–1.10 28

0.40–97.04 0.12–2.61 27
0.54–137.8 0.04–2.29 31 Danner and Choi (14
2.12–137.8 0.08–1.89 20
3.30–121.4 0.03–0.86 25

0.27–137.8 0.41–2.81 29
0.67–137.8 0.25–2.50 25 Danner and Choi (14
1.05–137.8 0.07–1.74 29

0.34–137.8 0.44–4.02 20 Huyn and Danner
0.44–137.8 0.21–3.44 17

0.1–137.8 0.75–1.88 16
0.4–137.8 0.70–1.65 16 Huyn and Danner (1

0.64–107.2 0.17–1.33 16
0.30–110.0 2.00–5.00 17 Danner and Wenzel
0.40–150.5 1.80–5.80 16 Danner and Wenzel
1.00–213.0 0.30–5.30 18 Danner and Wenzel

2.60–292.8 2.80–6.70 11
1.30–428.4 2.40–6.50 10 Olivieret al. (17)
1.10–382.4 2.60–6.20 10
5.10–436.9 2.50–5.95 12

5.20–531.0 2.10–5.50 16
8.80–812.2 2.60–5.60 16 Olivieret al. (17)
11.0–936.2 2.70–5.40 18
12.1–1219.3 2.00–5.30 20
0.02–1219.3 0.03–6.70 689
LE
ptio

P
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311THERMODYNAMIC MODEL FOR GAS ADSORPTION ISOTHERMS
orrelation suggested by Toth as given by Valenzuela
yers (8). The Toth equation has a form similar to that of

6], but as Khanet al. (7) have discussed Eq. [6] is mo
ccurate than any other forms of the modified Langmuir

herm.
Martinez and Basmadjain (9) have introduced a few pa

ters to the Langmuir equation to account for sorbate size
f symmetry, and molecular interaction in gas–solid ads

ion. Their equation for a single-solute case is

P 5 m
us

~1 2 u !r expS2
rWu

KT D . [7]

his equation contains five parametersm, r , s, W, and q0.
quation [7] is a modification of the Langmuir equation; w

5 0 and r 5 s 5 1, Eq. [7] reduces to the Langmu
sotherm (Eq. [1]).

TAB
Constants in Eq. [16] (Proposed M

System Adsorbate gas Adsorbent
Tem

1 Carbon dioxide Mordenite

2 Hydrogen sulfide Mordenite

3 Propane Mordenite

4 Ethane Molecular sieve 13-X

5 Ethylene Molecular sieve 13-X

6 Carbon dioxide Molecular sieve 13-X

7 Isobutane Molecular sieve 13-X

8 Carbon monoxide Molecular sieve 5-A 2
9 Carbon monoxide Molecular sieve 10-X 2

10 Oxygen Molecular sieve 5-A 2
11 Propadiene Activated carbon

12 Propylene Activated carbon
d
.

-

-
ss
-

The Langmuir isotherm (Eq. [3]) and all its modified v
ions (Eqs. [4]–[7]) fail to perform well at low pressures wh
3 0. In addition, the optimization procedure for some

hese models, such as the VST model, is tedious in ord
btain the four parameters involved in the correlation. In s
ccurrences convergence may never be obtained (Cochet
l. (3)). The main objective of this work is to propose a sim
ccurate, and generalized model for gas adsorption isoth
ased on the gas–solid equilibrium principles.

PROPOSED THERMODYNAMIC MODEL

In developing our thermodynamic model, we assume
he sorbate gas molecules are adsorbed on porous ads
ith a constant void fraction providing a uniform distrib

ion. The solid phase can be treated as solid solutio
orbate gas well distributed into the adsorbent having a

2
el) for Systems Listed in Table 1

ature
a b c n

10 1.92718 77.26676 2160.650 2
0 3.15151 68.72585 296.0886 2
0 4.07539 73.33106 2155.997 2
10 0.29714 47.99053 389.6589

0 0.63493 70.61579 226.6718
5 2.64066 59.65608 273.7888
5 3.57241 73.06591 82.19116
10 1.22117 66.28906 1457.948

0 2.96448 27.05728 1919.507
1 3.80452 28.99118 2004.173

0 4.98978 16.76293 1.055713 106 5
5 6.01932 20.58848 1.185203 106 5
0 6.86054 25.13723 1.228323 106 5
0 8.20153 25.36461 1.572403 107 5
25 2.89603 52.70540 8.510703 105 5

0 4.18591 52.30213 7.592373 105 5
0 6.06955 53.53808 8.520983 105 5
25 2.22032 35.46964 2.266753 104 5

0 3.55350 34.93181 2.688393 104 5
25 21.0955 56.37733 4.790473 105 5

0 2.02208 14.30054 1.130163 106 5
0 4.10674 14.98012 1.581483 106 5
8 6.00753 277.4925 4.420063 105 5
8 20.5403 53.08155 4.750983 104 5
8 3.60867 19.84463 5.268833 104 5

5 2.06450 28.38363 257.3726
5 2.03669 210.4124 290.5052
0 21.4495 33.85509 163.4337
0 4.59575 228.7108 345.5243

5 8.01975 286.2942 580.6494
5 4.85236 237.7692 430.8271
0 5.34745 242.9296 457.9448
0 7.98201 271.0203 562.9058
LE
od

per
(°C)

3
5

3
6
9

3
5

2
5

10

5
10

5

5
10
12
12
12

1
2
3

1
2
3
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312 RIAZI AND KHAN
oid fraction. Applying the principle of solution thermod
amic equilibrium relation between the gas phase and
olid phase based on the equality of fugacities of the so
n two phases gives

f A
g 5 f A

s , [8]

heref A
g is the fugacity of sorbate (component A) in the

hase andf A
s is its fugacity in the solid phase. Now we defi

he solid activity coefficient of A (gA
s ) based on the weig

raction of A in the solid phase,z ,

FIG. 1. Model predictions for gas adsorption isotherms. (a) System 22S
n mordenite); (b) System 4 (ethane on molecular sieve 13-X).
A

e
te

g A
s 5

f A
s

zA f A
0s , [9]

here f A
0s is the fugacity of solid A at a standard state.

efine this standard state at a later stage. The fugacity of
he gas phase is given by the fugacity coefficientfA

g

f A
g 5 yAfA

g P, [10]

hereyA is the mole fraction of A in the gas phase andP is the
otal pressure of the gas phase. Substituting Eqs. [6] an
nto Eq. [5] gives

yAfA
g P 5 zAgA

s f A
0s. [11]

FIG. 2. Activity coefficient of sorbate in the solid phase. (a) Syste
H S on mordenite); (b) System 7 (isobutane on molecular sieve 13-X)
2



an
e ev
a
a

i it-
t so
p rbi
g ing
g e
a

n
f olid
p ce
G the
R

w that
m bove
r he
s

w s re-
l se
p
h the
t
[

280
60
93

84
51
154

29
13

95
398

34
10
5828
20
5540
00
26
95
98
45
.3030
90
10
40
2810
90
60
11

313THERMODYNAMIC MODEL FOR GAS ADSORPTION ISOTHERMS
The fugacity coefficientfA
g can be estimated through

quation of state such as a truncated virial equation. How
t low pressures we can assume ideal gas so thatfA

g 5 1. For
dsorption of a pure gas (yA 5 1), Eq. [11] becomes

P 5 zg sf 0s, [12]

n which, for simplicity in writing, subscript A has been om
ed for a pure gas. Although the gas phase is pure, the
hase is a binary mixture of the adsorbent and the adso
as. Therefore,z is the weight fraction of sorbate (adsorb
as) in the solid phase and (12 z) is the weight fraction of th
dsorbent in the solid phase.
If the solid phase is ideal, thengs 5 1. To derive a relatio

or the activity coefficient of nonideal solids, we treat the s
hase exactly as we would a liquid. Assuming that the ex
ibbs energy (GE) for a binary solid can be represented by
edlich–Kister expansion we have

TAB
Constants in Eq. [4] (VST Mod

System Adsorbate gas Adsorbent
Temp

(°

1 Carbon dioxide Mordenite

2 Hydrogen sulfide Mordenite

3 Propane Mordenite

4 Ethane Molecular sieve 13-X

5 Ethylene Molecular sieve 13-X

6 Carbon dioxide Molecular sieve 13-X

7 Isobutane Molecular sieve 13-X

8 Carbon monoxide Molecular sieve 5-A 2
9 Carbon monoxide Molecular sieve 10-X 2

10 Oxygen Molecular sieve 5-A 2
11 Propadiene Activated carbon

12 Propylene Activated carbon
er,

lid
ng

ss

GE

RT
5 z~1 2 z!~ A 1 Bz1 Cz2 1 Dz3 1 . . .! , [13]

here A, B, . . . are temperature-dependent parameters
ust be determined from experimental data. From the a

elation forGE the expression for the activity coefficient in t
olid phase is

ln g s 5 ~1 2 z!2~A9 1 B9z1 C9z2 1 D9z3 1 . . .!, [14]

here A9, B9, . . . are temperature-dependent parameter
ated to A, B, . . . in Eq. [13]. The relations between the
arameters are given by Prausnitzet al. (10). If the termz2 and
igher terms in Eq. [14] are neglected then it reduces to

hree-suffix Margules equation. By substitutinggs from Eq.
14] into Eq. [12] for an isotherm we can write

P 5 zf0sexp@~1 2 z!2~A9 1 B9z1 C9z2 1 D9z3 1 . . .!#. [15]

3
for Systems Listed in Table 1

ture
q0 b0 L12 L21

10 13.776 3.1632 974.50 6.5
9.3720 1.0015 8.9340 5.02
8.8303 0.4038 1.2567 5.09

10 315.19 20.394 112.64 222.761
4.1865 12.701 7.23 105 2.9900
3.6330 2.5913 4.3758 2.75
4.9053 1.1117 8.2521 3.67

10 1.8187 12.038 89.031 3.1
1.7620 2.3860 22.353 2.39
1.6438 0.9386 16.716 2.18

0 6.2264 0.2400 1.1000 20.8100
8.9376 0.0842 0.7998 21.3943
8.7047 0.0372 13.816 20.9857

20.480 0.0098 19.646 2.03
25 4.5865 2.0350 55.108 1.7

4.5520 0.4892 11.804 1.47
6.4540 0.0831 125.03 2.22

25 7.8640 2.3810 111.89 2.
7.5230 0.5605 992.12 2.01

25 2.3682 76.062 31.021 2.
2.1004 36.829 31.493 2.34
1.9958 0.5358 100.08 0.36
5.0905 75.658 5.4191 0.25
7.3196 72.4074 5.6256 3.25
5.7181 58.6027 0.1458 6.97

5 9.8100 3504.90 7.7090 8
9.8100 1436.70 7.5210 7.93
9.8100 1078.30 9.7130 7.59
9.8100 127.670 8.7800 6.02

5 7.2090 167.030 9.0100 5.
7.2090 1289.90 7.5210 7.67
7.2090 1819.70 9.7130 8.08
7.2090 1237.10 8.7800 8.29
LE
el)

era
C)

30
50

30
65
95

30
51

25
50

100

50
100

50

50
100
128
128
128

15
20
30

15
20
30
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.687
99
26
.831
57
21
24
.856
87
71
.360
40
83
32
.803
68
47

0.749
54
0.935
45
63
90
39
03
0.869
63
66
23

0.927
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19
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t a constant temperature (an isotherm) the fugacity at
ard statef 0s is a constant. One common standard state

ake f 0s as the fugacity of a pure solid. The other option i
et f 0s 5 1 kPa. However, no matter what standard sta
hosen forf 0s for an isotherm it is a constant. Analysis of d
n various systems shows that this constant can be set eq
nity. Since even whenf 0s is not unity, the constant can
ombined with the constants of the activity coefficient mo
9, B9, . . . . Through extensive analysis of gas adsorp

sotherms for various gases and adsorbents we found th
ost general form of Eq. [15] for a pure gas adsorp

sotherm is

P 5 z exp@~1 2 z!2~a 1 bz1 czn!#, [16]

heren is an integer number greater than 1. Ifn 5 2, the
xpression for the solid activity coefficient is similar to

TAB
Constants in Eqs. [5] and [6] (IAS and K

System Adsorbate Adsorbent
Tempera

(°C)

1 Carbon dioxide Mordenite
30
50

2 Hydrogen sulfide Mordenite
30
65
95

3 Propane Mordenite
30
51

4 Ethane Molecular sieve 13-X
25
50

100
5 Ethylene Molecular sieve 13-X

50
100

6 Carbon dioxide Molecular sieve 13-X
50

7 Isobutane Molecular sieve 13-X
50

100
8 Carbon monoxide Molecular sieve 5-A 2128
9 Carbon monoxide Molecular sieve 10-X 2128

10 Oxygen Molecular sieve 5-A 2128
11 Propadiene Activated carbon

15
20
30

12 Propylene Activated carbon
15
20
30
n-
to

is

l to

l
n
the
n

our-suffix Margules equation for liquid systems. For the
ystems studied in this work we found that the exponentn is
ither 2 or 5. However, for a given sorbate–adsorbent systn

s the same for all different isotherms. We found thatn mainly
epends on the type of adsorbent rather than the sorbat
xample for various gases adsorbing on activated carbonn 5
for any gas, while if adsorbent is molecular sieven 5 5 for

ny kind of sorbate gas. This is mainly because various a
ents may follow different activity coefficient models. Kno

ng the value ofn for an adsorbent, the proposed method
16]) becomes a three-parameter model. Constantsa, b, andc
n Eq. [16] can be easily determined from the experime
ata. Equation [16] can be converted into a linear form in te
f z as

Y 5 a 1 bz1 czn, [17]

4
’s Models) for Systems Listed in Table 1

e
IAS model (Eq. [5]) Khan’s model (Eq. [6])

q1 b1 s1 q2 b2 s2

2.260 0.256 1.352 0.356 7.484 0
2.235 0.105 1.349 0.494 1.386 0.6
2.267 0.042 1.241 0.240 1.846 0.6

2.462 1.771 1.405 1.047 10.24 0
2.273 0.949 1.298 1.188 3.348 0.8
2.340 0.215 1.459 0.947 1.350 0.8
2.394 0.067 1.393 0.487 1.589 0.7

1.105 1.536 1.679 0.457 11.512 0
1.195 0.336 1.702 0.618 1.744 0.8
1.085 0.210 1.418 0.555 0.886 0.8

3.083 0.081 0.001 5.533 0.042 1
3.130 0.028 0.004 6.166 0.014 1.5
3.451 0.010 0.188 7.651 0.005 1.8
3.966 0.002 0.116 5.841 0.002 1.4

2.766 0.293 1.229 1.047 1.763 0
2.776 0.091 1.126 1.057 0.452 0.7
2.231 0.024 0.827 0.728 0.109 0.6

3.901 0.196 1.254 1.121 1.745
3.651 0.075 1.143 0.682 1.047 0.6

1.747 3.805 1.391 1.200 8.566
1.565 2.476 1.661 1.184 3.025 0.9
1.268 4.260 3.626 1.652 0.195 1.0
4.852 5.014 0.002 4.614 5.651 0.9
5.383 1.019 1.731 1.776 15.473 0.8
5.491 0.124 0.834 3.717 0.241 0.9

6.661 0.196 1.649 3.037 1.362
6.164 0.242 1.694 2.534 2.423 0.8
5.980 0.324 1.919 2.248 5.418 0.8
5.605 0.351 2.273 1.704 3.411 0.8

5.310 0.116 1.017 3.814 0.224
5.278 0.108 1.548 3.112 0.344 0.9
5.154 0.112 1.553 3.432 0.218 0.9
5.116 0.448 1.143 3.593 0.093 0.9
LE
han

tur

10

10

10

0

25

25

25

5

5
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.3

.34
14
7

.63
60
6
.40
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3
4
9
.34
2
5
8
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hereY 5 (1 2 z)22ln(P/z). By simple linear regression
versusz, parametersa, b, andc for each isotherm can b

etermined. Although Eq. [16] is implicit inz, it can be solve
y Newton’s method to findz whenP is known. For system

n which Eq. [16] cannot be applied we may develop a sim
elation based on other activity coefficient models used
iquid systems (i.e., van Laar or Wilson models). In such c
he relation forP would be completely different from the for
resented in Eq. [16].
In a limiting case wherez3 0, Eq. [16] reduces to

P 5 kz, [18]

here parameterk is a constant for each isotherm and fo
iven system it is only a function of temperature. Equa

18] is similar to Henry’s law for the liquid systems and
ound that at low adsorption (z , 0.02)most systems follow
q. [18].

TAB
Constants in Eq. [7] (Martinez M

System Adsorbate gas Adsorbent
Temper

(°C)

1 Carbon dioxide Mordenite
3
5

2 Hydrogen sulfide Mordenite
3
6
9

3 Propane Mordenite
3
5

4 Ethane Molecular sieve 13-X
2
5

10
5 Ethylene Molecular sieve 13-X

5
10

6 Carbon dioxide Molecular sieve 13-X
5

7 Isobutane Molecular sieve 13-X
5

10
8 Carbon monoxide Molecular sieve 5-A 212
9 Carbon monoxide Molecular sieve 10-X 212

10 Oxygen Molecular sieve 5-A 212
11 Propadiene Activated carbon

1
2
3

12 Propylene Activated carbon
1
2
3

r
r
s

n

Usually data on the amount of gas adsorbed (q) are given in
nits of mol/kg, std cm3/g, or mg/g. For such dataz can be
alculated from

z 5
Mq

10001 Mq
, [19]

here M is the molecular weight of sorbate andq in this
elation is in mol/kg. Ifq is in mg/g, thenM must be delete
n the above relation. Ifq is given in std cm3/g and the
tandard conditions are 1 atm and 273 K, thenq must be
ultiplied by 0.002067 before using Eq. [19]. Simila
henz is calculated using Eq. [16] at a given pressure,

19] can be used to estimate the amount of gas adsorbeq)
n standard units. Althoughz, as defined by Eq. [19], is n
irectly measurable, it is directly related to a measur
roperty ofq. This does not cause any problem in the us

5
l) for Systems Listed in Table 1

re
q0 m r s W/k

5.458 134.00 1.7955 2.329 49
4.970 134.00 1.9718 1.978 60.4
5.804 657.00 1.6884 2.068 28.1

5.350 0.1881 1.8285 1.0 1404
5.240 3.611 2.1810 1.0 1344.9
5.879 2.6810 1.6679 1.0 1950.2

10.71 15.820 0.9149 1.0 7595.3
2.186 0.2175 4.4833 1.0 336

1.880 0.9730 5.2128 1.0 64.1
2.360 1.7368 4.1522 1.0 493.5

2.939 12.579 1.6161 1.0 2254.38
2.789 40.240 1.7031 1.0 2335.71
2.823 87.020 1.6826 1.0 2291.85
3.837 413.53 1.2378 1.0 267.970

3.103 2.2010 1.5300 1.0 111
2.961 7.1400 1.6000 1.0 23.0
3.808 48.980 1.2500 1.0 664.9

4.570 3.6590 1.0400 1.0 499
4.739 8.3370 1.0000 1.0 812.2

2.121 0.0220 2.2395 1.0 590
1.904 0.0270 2.4947 1.0 557.6
1.520 8.4100 3.1248 1.0 2551.3
5.402 0.0138 3.7212 1.0 219.67
8.375 0.6644 5.5809 1.0 230.478
6.629 7.150 3.0321 1.0 279.19

11.59 0.888 4.4335 1.0 29
11.54 0.779 4.4556 1.0 379.8
10.74 0.343 4.7858 1.0 383.6
11.20 2.231 4.5886 1.0 300.7

11.66 0.560 4.4082 1.0 649
11.31 0.850 4.5463 1.0 610.0
11.21 0.723 4.5836 1.0 629.8
11.67 1.737 4.4045 1.0 749.3
LE
ode

atu

10
0
0
10

0
5
5
10

0
1

0
5
0
0
25

0
0
25

0
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0
0
8
8
8

5
5
0
0

5
5
0
0
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316 RIAZI AND KHAN
q. [16]. At low values ofq, one may findMq is small with
espect to 1000 andz 5 Mq/1000. Inother words ifq is in
g/g, z 5 q/1000 and we mayreplacez by q/1000 in Eq

16].
It is interesting to note that at low values ofq wherez '
3 1023, we can approximate (12 z)2 by unity and Eq. [16
ill reduce to the truncated virial isotherm (11).

RESULTS AND DISCUSSION

An extensive data bank on gas adsorption data from va
ources was collected. Sources for data and the types o
ems studied in this work are given in Table 1. Constantsa, b,
ndc in Eq. [16] for various systems are given in Table 2.

TAB
Evaluation and Comparison of the Proposed Therm

of the Equilibrium Pressure

System Adsorbate gas Adsorbent
Temp

(°C

1 Carbon dioxide Mordenite

2 Hydrogen sulfide Mordenite

3 Propane Mordenite

4 Ethane Molecular sieve 13-X

21
5 Ethylene Molecular sieve 13-X

1
6 Carbon dioxide Molecular sieve 13-X

7 Isobutane Molecular sieve 13-X

1
8 Carbon monoxide Molecular sieve 5-A 21
9 Carbon monoxide Molecular sieve 10-X 21

10 Oxygen Molecular sieve 5-A 21
11 Propadiene Activated carbon

12 Propylene Activated carbon

Total 2128
us
ys-

hown in this table for every system the value ofn in Eq. [16]
s the same for all isotherms. The exponentn in Eq. [16]

ainly depends on the type of adsorbent, as can be seen
able 2 for molecular sieven 5 5 and for activated carbo
5 2. For hydrogen sulfide and ethane the amount of

dsorbed predicted from the proposed model (Eq. [16
ompared with experimental data and is presented in F
eight fraction-based activity coefficients in the solid ph

or hydrogen sulfide and isobutane are presented versus
ure in Fig. 2. Four other adsorption models discussed e
ere used for the purpose of evaluations and compari
hese four models are VST (Eq. [4]), IAS (Eq. [5]), Khanet al.

Eq. [6]), and Martinez–Basmadjain (Eq. [7]). Constants
ained for these gas adsorption correlations for the data s

6
ynamic Model with Other Models for Estimation
Systems Listed in Table 1

ture
Average absolute deviation %

VST IAS Martinez Khan This work

0 4.3 21.0 1.4 4.0 3.9
5.9 25.5 2.8 7.8 5.9
7.9 21.8 2.8 7.3 5.0

0 2.8 6.7 2.7 2.3 2.3
6.9 9.0 6.9 8.1 3.4
8.5 18.8 3.9 7.8 5.7
3.9 5.7 4.1 5.4 0.7

0 16.9 19.7 11.2 5.9 7.8
18.4 15.9 22.6 11.3 11.0
11.9 14.3 11.9 5.8 7.0

0 5.1 17.4 5.5 12.2 3.8
5.7 9.8 4.7 5.0 3.4
5.0 6.1 2.9 3.5 1.7
5.3 15.5 1.8 2.1 1.8

5 12.7 16.1 13.8 18.7 5.
6.8 14.5 10.0 8.5 4.9
4.0 10.2 3.9 3.9 2.9

5 12.4 27.1 13.4 17.8 8.
5.8 29.6 6.9 13.0 4.3

5 24.8 37.0 22.8 22.9 16
18.9 41.1 23.5 13.3 11.2
17.2 19.5 16.0 16.8 7.1
21.8 37.4 16.7 26.6 8.8
8.3 27.4 13.2 25.5 4.9

20.3 13.6 7.4 11.9 10.1
5 9.6 20.8 9.2 5.2 6.

10.2 18.1 4.6 6.9 2.5
29.4 23.3 14.2 10.2 6.6
22.9 27.4 3.8 16.5 1.4

5 17.0 20.6 12.2 12.0 7.
20.0 22.5 13.3 9.4 10.1
27.7 29.5 31.0 22.4 9.0
12.4 20.7 12.0 12.0 6.0

00 11.7 19.5 9.9 10.5 5.3
LE
od
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)

1
30
50

1
30
65
95

1
30
51

25
50
00

2
50
00

2
50

2
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28
28
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317THERMODYNAMIC MODEL FOR GAS ADSORPTION ISOTHERMS
n Table 1 are reported in Tables 3, 4, and 5, respective
onlinear optimization procedure (modified Rosenbrock t
ique) as discussed by Rosenbrock (12) was used to obta
onstants for VST (Eq. [4]), IAS (Eq. [5]), and Martinez (E
7]) correlations. The correlation parameters are very sens
o the initial estimates. The objective function has been de
s the sum of squares of percentage errors to provide
eightage to each point irrespective of its magnitude. Diffe
odels were evaluated based on the deviation betwee
redicted value of equilibrium pressure (P) and the exper
ental value. For each isotherm the average absolute dev

AAD%) for the amount of gas adsorbed was estimated
eviations are reported in Table 6. In general 12 diffe
ystems of sorbate–adsorbent with a total of 689 data p
rom various sources were studied. As shown in Table 6

FIG. 3. Evaluation of various models for prediction of equilibrium pr
ure for System 11 (propadiene on activated carbon): (a) at 20°C, (b) at
A
-

the

ve
d

ual
t

the

ion
e
t
ts
e

AD% for the proposed model is 5.3%, for the VST mode
1.3%, for the IAS model is 19.5%, for Khanet al. model is
0.5%, and for the Martinez–Basmadjain model is 9.9%
valuations were made on estimation of amount of gas
orbed (q) from known pressure, then similar results w
bserved. Comparison of various models are also presen
igs. 3, 4, and 5 for Systems 11, 3, and 5, respectively. Fig
and 5 clearly show that the proposed model performs m

etter than other models at low or high pressures.
For System 12 the pressures exceed the ideal gas cond
herefg in Eq. [11] cannot be considered as unity. Howe
e found that when the gas fugacity is considered, the
rovement in Eq. [16] is so minor that for simplicity we did n

nclude gas fugacity corrections for such systems. This in°C.

FIG. 4. Evaluation of various models for prediction of equilibrium pr
ure for System 3 (propane on mordenite at 30°C): (a) at low pressure,
igh pressure.
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318 RIAZI AND KHAN
s due to adjustment of the parametersa, b, and c for any
rregularity in Eq. [16].

The model presented here may be even further improve
ome systems by choosing other forms of the activity co
ient expressed by Eq. [14]. For example, Eq. [16] can
ritten in a more general form as

P 5 z exp@~1 2 z!2~a 1 bzn1 1 czn2!#, [20]

here n1 and n2 are positive integers. However, for eve
ystem we analyzed, Eq. [16] was quite appropriate. But i
ase where Eq. [16] fails to suit the data, Eq. [20] can be u
hen Eq. [20] is applied to System 12 in Table 1 (propyl

FIG. 5. Evaluation of various models for prediction of equilibrium pr
ure for System 5 (ethylene on molecular sieve 13-X at 25°C): (a) a
ressure, (b) at high pressure.
or
-
e

e
d.
e

n activated carbon) at 5°C the resulting parameters area 5
.69789,b 5 50867.1,c 5 28.31 3 107, n1 5 5, andn2

10. Using these parameters, Eq. [20] can reproduce
xperimental data within an average deviation of 3.5%, w
sing Eq. [16] with the parameters given in Table 2 produ
n AAD of 7.0%. For System 12 at 15°C the parameters fo

20] area 5 4.92652,b 5 58325.5,c 5 21.082 3 108,

1 5 5, and n2 5 10. Using these parameters Eq. [
eproduces experimental data with an AAD of 3%, while
16] gives an AAD of 10%. For Eq. [20], same as Eq. [16],
xponentsn1 andn2 only depend on the adsorbent and they

he same for all sorbate gases and other respective isoth
imilar improvements may be obtained for other syste
owever, for all systems studied in this work Eq. [16] is q
atisfactory. The deviation is within the limits of experimen
ccuracy and there is no justification for applying Eq. [20] w

our constants.
Results presented in this work indicate that the ther

ynamically based proposed method, while it is simp
utperforms other models for gas adsorption isotherm
ecially those based on modified forms of the Langm

sotherm. Parametersa, b, andc in Eq. [16] are temperatu
ependent. The proposed model is based purely on
rinciple of phase equilibrium while the Langmuir isothe
r its modified versions are based on chemical equilibr
ther models are just empirical modifications of the La
uir isotherm. In fact in this model we have assumed
as molecules are absorbed into the bulk of a porous
hase. This is the main difference between the prop
odel and other models available in the literature. A m

omprehensive model would be to relate the paramete
q. [16] to temperature and to develop activity coeffic
odels for multicomponent gas mixtures.
Equation [16] shows significant improvement for predic

f gas adsorption isotherms. One major and direct applic
f the proposed model is to estimate equilibrium isotherm
elective adsorption of one compound in a gas mixture. S
ive adsorption is important in environmental sciences
ollution control processes.

CONCLUSIONS

In this paper, based on the principle of phase equilibria
he definition of a weight fraction-based activity coeffici
odel for the solid phase, a simple relation is proposed
dsorption of pure gases. The model has three paramete
an be easily determined from experimental data. The
osed model was evaluated with nearly 700 data points
ompared with four other models commonly used in the l
ture. The proposed model gives an average error of abou
he VST, IAS, Khanet al., and Martinezet al. models gen
rate errors of about 12, 20, 10, and 11%, respectively.
odel developed in this paper clearly outperforms other m

w
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ls and it can be used to predict adsorption isotherm
elective gas adsorption processes.
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