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Abstract—A thermal adsorption equation in a virial form is proposed in order to describe the pressure and
temperature dependence of adsorption data. This equation permits the elaboration of a method for
calculating the isosteric heat of adsorption and for studying its behaviour over a wide range of temperatures

and pressures.

INTRODUCTION

Adsorption on solid adsorbents is a fundamental
process in the separation of mixtures as well as in the
purification of gases. In order to utilize the physical
adsorption in the modeling and design of these pro-
cesses, a quantitative characterization of adsorption
equilibria is needed over a wide range of pressures and
temperatures. Knowledge of the adsorption models is
also needed for correlation and prediction of the
equilibrium data in order to minimize the number of
experiments. The general equation for the adsorption
equilibrium can be written in the following form:

F(v,p, T)=0. (1)

The knowledge of the above relationship is of great
importance because it allows the estimation of the
basic thermodynamic characteristics of an adsorption
system and the prediction of adsorption loading as a
function of pressure and temperature. The problem of
the temperature dependence of adsorption has been
studied in many theoretical and experimental works
(Barrer and Gibbons, 1963; Pierotti and Thomas,
1971; Cole et al, 1974; Gregg and Sing, 1976; Chan
et al., 1984).

The objective of this study was to derive a thermal
adsorption equation independent of any adsorption
model and use that equation for studying the pressure
and temperature dependence of adsorption data.

THEORY
Two basic assumptions are postulated for an
adsorption equation:
(1) The adsorption isosteres are linear and de-
scribed as follows:

I: dlnp ] 2
é—(m v=g(U) (2a)
and
oglv) |
[ or ]fo @0)

where g(v) is a function dependent only on the amount
adsorbed. This assumption was confirmed experi-

mentally [e.g. Seliverstova et al. (1978), Fomkin (1986)
and Bakayev and Dubinin (1987)].

(2) Its agreement with Henry’s law in the low-
coverage region:

limv=Kgp. 3)
v—=>0
Equation (2a) can be integrated taking into account
eq. (2b):

Inp=g(®)/T+f(v) 4)

where f (v) like g(v) is a function dependent only on the
amount adsorbed. To satisfy condition (3) the function
f(v) should tend to a logarithmic function at the limit
of v—0. Analytical forms for both functions are un-
known a priori and their selection can be realized
either by analogy to other adsorption equations or by
the best fit of eq. (4) to experimental data. The most
convenient way is to use the functions which are linear
in relation to the parameters. In this work functions
g{v) and f(v) are represented as polynomials of v and
then eq. (4) assumes the form

1 nt . n2 .
Inp=—3% a;v'+ Y bv'+Inv 5
Ti=0 =0

where a; and b; are adjustable parameters.

The particular case of eq. (5) was derived by Bezus
et al. (1971) for n1 =n2 on the basis of the exponential
virial adsorption equation. A similar approach was
suggested by Cole et al. (1974) and Jaroniec and
Jaroniec (1977) for the analysis of the adsorption data
on active carbons and zeolites. In these works the
fitting of data was carried out for each temperature
separately and then the thermal equation parameters
were found from the temperature dependence of coef-
ficients.

In the present approach, the number of linear
parameters is unknown and nln2. Equation (5) is
considered to be empirical, although the parameters a,
and b, are directly connected with quantities having a
physical meaning, namely

4, = “Rao (6)

797



LESZEK CzEPIRSKI and JACEK JAGIELLO

798

LLLE
019¢
£hbe
{8961) 10 12 ULTE 9-uo1aydg
Aaulg wo(g LS1T 88'6T P610°0 06£10 £ S 99589 0TIE "HO Forq BoqIE)
£Ig
LLTh §SLYPE 8910°0 685700 1 £ L9 £0€ N
£2¢
(L961) yurld £Ig
pu® YUpatIpN 157 1L61T 0£10°0 Lzs00 1 £ 97101 £0¢ 20D 1dd uoqIed 2An0Y
96'9p 70462 #5100 TEET0 I b 806 *H*D
LTSE 70€'82 #600'0 09500 1 b 806 "HD
€47 909'9¢ 96100 86L7°0 (4 b 098 SO
0LSE 8267 8L100 8810 T § 8 (4749 SHED  V§-DSI uogreo
(bL6T) SE6E YEL'6T 79000 YIr00 I £ 968 Teot *H®D Juaats
‘Ip 12 BIRYRYEN 602 v6v'9T 8100 {7800 1 § TL8 9817 "HO 1eNA3OW
89'67 I8TLT 65100 18900 T v o8thL ‘00
w6t £60%E 79000 6000 1 vyl 'HD
05Ty §SH6T 9510°0 8PPI0 T ¥ SE08 *HED
0L'62 £8¥'LT 08000 9LYI0 1 £ ¥8m £9¢ YHD
ST 0ZS've £070°0 8P0E0 I AV 1133 R ey
YA 6167 18000 62600 I S L'8L9 £If S
{9 ‘®g961) sall 0T1¢ S9¥LT 85000 9%6¥00 I S ¥OL9 £62 "D [VIXaN
pue Asadazg 800 wE9T 10100 06600 T € TT89 "HO U0qIEd AAIDY
(Ts10) (S¥$'90)
9T R1H97 0L00°0 £E00 T £ TIHSE o)
(5120 (65t°57)
AX 74 1092 0600'0 e v 1 #9691 ¥10¢ YHD
(Q ‘ep361) 120HS 8L1T 960'ST £600°0 wee T v 601U 7092 HO
wT91) (1L£'67)
“(o861) 1p 12 Yoy £791 19762 13000 SES00 € T 00£8¢ L7 YHD  Td€ U0qIed aAndy
2UIRJY (ow/ry)  (ed 8/jow) $ 2 oo (edY) o ajeqiospy 1U3qI0Spy
%p— oy up—- amssaid  aamperadwag,
EsmeﬂE

swa1sAs snouea 10§ uorrenba uondiospe [eway) ad£)-[eLiA Jo 1S3, T QR



799

Virial-type thermal equation of gas—solid adsorption

(s861)
0 13 UBIYOD)

(¢861) 2ouueq
pue uniy

(s861)
v 12 uRIYO)

{I861)
10 12 UR[ON

(5861) uoreg
pu® ISI2I0A

(8L61) I 32
BAOMAAIRG

(€1'65)
60’8

(ot'vg)
o€

(1ee)
81CE

{744
SLULT
(sv'zn)
v6'sT
o6LD)
9307
(€szn
S8
(6s°€n)
19°€1
tvor)
AL
(16¢1)
871

090z

LOST

(8€1'9¢)
TELSE

(oor'e)
8€9'87

(850'57)
12192

{€0L'97)
L6TLT
BLy'17)
ELIET
(1£7'90)
WLt
(18L°60)
8S6'SZ
(15192)
¥81°97
(€v9L7)
£66'LT
(99197
69797

L8L81

6LUST

S010°0

$610°0
0,000
w000
9%00°0
0¥000
£6000
$600°0

6000

9LLOO

L1800

97L0°0

86600
TTLT°0
(#4\1\
81¥0°0
1L20°0
20200
ve20'0

LS00

1950°0

v8LET

PRLET

PRLET

v8LET
v
1Z1%
L4414
L3ty
(X444
15414

768571

T68s°Tl

(4143
7’867
TELe
(4543
867
CELE
(4143
867
(4723
(4143
7867
(4774

(4774
9L
0TL1

144
S6'LYE
$.40143

£6°867

SSELT
009 ‘008
05t ‘00p
0LE ‘0zE

ST'E0E
0LT 0T
00z ‘0Ll
ov1 ‘0z1

00
YHYD

[ EQU-N

°H°O
00
‘N
‘0
1y
N

‘0

aX

XET 2n31s
IR0

X01 aadls
1B[NI3[OI

VG aAals
Te[nOS[ON

XEN 3M0sZ



800

and
Kyz=K,exp[q,/(RT)] @)

Ko =exp(_bo)' (8)

It may be easily shown that eq. (5) can be utilized
directly for estimating an isosteric heat of adsorption
as a function of coverage because
dlnp

3(1/T)

g (v)= —R[ ] = —Rg(v)

=—R g a;v'. )]

i=0

RESULTS AND DISCUSSION

The applicability of the virial-type thermal adsorp-
tion equation suggested in this work was tested for
adsorption data available from the literature. The
fitting of the experimental data was carried out by a
nonlinear least-square optimization procedure in
which the points were weighted according to their
estimated errors:

a?=(1/N) i (In p$*® —1n p5*-)2. (10)

J
i=1
The goodness-of-fit was determined by consideration
of the following criteria:

(1) The powers of both polynomials at which error
(10) exhibits a minimum and subsequently does not
decrease significantly corresponds to the best fit of the
experimental points.

(2) A dispersion of errors for all experimental points
should be statistically random and independent of
temperature.

(3) The error in fitting the value v exhibits a mini-
mum too. This error is here defined as

\
F_ 2
su‘_o'v/vmax

(11a)
y . )
a§=(1/1v)[ 3 Ainpj/Avj] (11b)
i=1
nt
Alnp/Av;~dInp,/do;=(1/T) ¥, a;vi™!
i=1
n2 .
+ 3 bl 4+ 1/p, {11¢)

i=1
Error (11a) can be considered as the measure of
dispersion along the v-axis.

(4) A further criterion involved the visual inspec-
tion of the fit between the experimental points of
various polynomials.

Table 1 summarizes the results of applying this
fitting procedure to data analysed in this work. Table
1 includes the values of errors in Inp (62) and v (s2),
isosteric heats at zero coverage and K, (the limiting
value of Henry’s constant at T—c0). The values in
parentheses are given to compare the present results
and results available from the literature. As can be
seen the results are strikingly similar.
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Figure 1 shows the best-fit solid-line curves for
adsorption of methane on BPL active carbon at three
different temperatures (Reich et al.,, 1980). Figure 2
depicts the dispersion of errors o7 for experimental
points. It may be seen that eg. (5) describes the
isotherm data extremely well and the error does not
exceed the limit of 5%.

The course of the isosteric heat of adsorption in the
dependence of the amount adsorbed for the above
system is shown in the Fig. 3. The heat of adsorption is
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Fig. 1. Comparison of predicted and experimental data for
methane on active carbon BPL at 212.7K ((O), 260.2 K (A),
and 301.4 K (O)(Reich et al.,, 1980) (v in mg-mol/g C, p in Pa).
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Fig. 2. Error in fitting experimental data.
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Fig. 3. Isosteric heats of CH, adsorption on active carbon
BPL (g.=CH, heat of condensation) (g, in kJ/mol, v in
mg-mol/g C).
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practically constant and only a small decline indicates
the heterogeneity of the surface. The isosteric heat of
adsorption is higher than the heat of condensation and
is enough to be characterized as physical adsorption.
In order to demonstrate the temperature invariance of
the heat of adsorption the experimental points consid-
ered were plotted in Fig. 3 according to

qst(vexp)=R(_lnpexp)+g(vexp)+ln Uexp' (12)

CONCLUSIONS

It may be concluded from the above observations
that adsorption data are well analysed by using a
virial-type thermal adsorption equation since it gives a
good representation of the data. It allows one to
describe and predict the isothermal data over a large
range of temperatures, below and above the critical
temperature of the adsorbate, and for pressures from
subatmospheric to a high-pressure region. Equation
(5) can be useful in elaborating a method for calcu-
lating the isosteric heats of adsorption and other
physicochemical characteristics for different ad-
sorption systems. This method compared with the
well-known graphical method based on the
Clausius—Clapeyron equation shows an advantage
because it permits the minimization of deviations for
all experimental points measured over a wide range of
pressures and temperatures. The adsorption data for
analysis need not be determined as a pencil of iso-
therms but could be obtained for instance by a so-
called isosteric method (Kadlec and Dubsky, 1975) or
as a set of points from a definite range of temperatures
and pressures (Czepirski, 1987).

Acknowledgement—The authors wish to thank the Depart-
ment of Chemistry of Coke and Petrochemistry of the Polish
Academy of Sciences for financially supporting this study.

NOTATION

a adjustable parameter in eq. (5)

b adjustable parameter in eq. (5)

Ky, Henry’s constant, mol/g Pa

K, limiting value of Ky at 7— oo, mol/g Pa

nl, n2 number of parameters in thermally
dependent and thermally independent
term of eq. (5), respectively

N number of experimental points

D equilibrium pressure, Pa

R gas constant, J/mol K

dy isosteric heat of adsorption, kJ/mol

q, adsorption heat at zero coverage, kJ/mol

T absolute temperature, K

v amount adsorbed, mol/g

Vmax maximum amount adsorbed for a given
adsorption system, mol/g

s2, 62 errors of fitting value of v

a? error of fitting value of In p
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