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Abstract In this work subtleties of application of BET
isotherm for liquid phase adsorption is presented. It has been
shown that direct use of the classical BET equation (which
was developed for gas phase adsorption) to liquid phase ad-
sorption leads to ambiguous and erroneous results. Some
cases of misuse of BET equation for liquid phase adsorp-
tion have been revisited. By close examination of the devel-
opment of the classical equation, the causes of misunder-
standings were elucidated and the suitable form of the BET
equation for liquid phase adsorption was developed. As case
studies, the classical form of the BET equation along with
the correct form of the equation for liquid phase have been
applied for modeling liquid phase adsorption of methyl tert-
butyl ether (MTBE) on perfluorooctyl alumina, phenol on
activated carbon and pentachlorophenol on carbonized bark.
It has been shown that direct application of the classical BET
isotherm to liquid phase adsorption results in poor and er-
roneous estimation of the equation parameters. For exam-
ple, in aqueous phase adsorption of MTBE on perfluorooctyl
alumina, the monolayer adsorption capacity of the adsorbent
was calculated as 9.7 mg/g instead of 3.3 mg/g or the satu-
ration concentration of MTBE in water was calculated as
1212 mg/L instead of 42000 mg/L.
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1 Introduction

BET isotherm developed by Brunauer et al. (1938) is one of
the most successful isotherm models to express adsorption
phenomena. This equation has a sound theoretical basis and
provides a good understanding about the nature of adsorp-
tion phenomena. Multilayer adsorption behavior, monolayer
adsorption capacity and heat of adsorption at various adsorp-
tion layers are among the parameters of adsorption that can
be determined using this isotherm model. Mainly because
of these powerful features, BET isotherm model has found
widespread application in determination of surface area and
pore size distribution of adsorbents and catalysts. The most
familiar form of the BET isotherm model is:

q cx

gm  (I—0)(I—x +cx)

or in linear form:

X 1 (c -1 )

—=—+ X
g(l=x)  gme gmc

In the classical form of the BET equation which was orig-
inally developed for gas phase adsorption, the gas phase
concentration was expressed as relative concentration, i.e.
the ratio of the partial pressure of the adsorbate to its satura-
tion partial pressure at the system temperature (x = P/P5).
In this case, the equation has two degrees of freedom in
the form of two parameters of g, and ¢ which are found
by linear regression analysis of the experimental adsorption
data.

@ Springer


mailto:j.soltan@usask.ca
mailto:soltan@sut.ac.ir

66

Adsorption (2009) 15: 65-73

When applying BET equation to liquid phase adsorption;
one may simply substitute liquid phase concentration, C for
partial pressure of the adsorbate, P in the classical BET
equation. However, difficulty arises in replacing the satu-
ration partial pressure P, with the corresponding term in
liquid phase. In the classical BET isotherm equation, P re-
sembles the maximum possible concentration of the adsor-
bate in the gas phase. A number of researchers have simply
replaced saturation concentration of the adsorbate in liquid
phase Cg, instead of PS when applying BET equation to
liquid phase adsorption, i.e. they extended the simple anal-
ogy between P and C to the case of PS and Cs. They have
taken Cs as a known constant quantity from solubility data
(Parker 1995; Maurya and Mittal 2006; Khalili et al. 2000;
Fu and Viraraghavan 2000; Hall et al. 2001; Ramakrishna
and Viraraghavan 1997). In this case, BET equation will
have two degrees of freedom and it will behave like Lang-
muir isotherm equation when applied to the experimental
data of liquid phase adsorption. As it will be shown, the
calculated monolayer adsorption capacity by both Langmuir
and BET isotherms will also be similar. Maurya and Mittal
obtained such results (Maurya and Mittal 2006) when apply-
ing BET equation for modeling liquid phase adsorption of
Methylene Blue and Rhodamin B cationic dyes on biosor-
bents prepared from mushrooms and on activated carbon,
F300. They concluded that BET isotherm predicted adsorp-
tion capacity similar to that using Langmuir isotherm and
that there was no possibility of multilayer adsorption in their
system. As it will be shown later, this conclusion may not be
entirely correct.

Some other researchers have also replaced Cs instead
of PS5, but they used Cs as an adjustable parameter and
have calculated it by fitting the BET isotherm equation
to the experimental data (Edgehill and (Max) Lu 1998;
Vazquez et al. 2007). In this case, the BET isotherm equation
will have three degrees of freedom and contrary to the case
of considering Cg as a known constant; a good fit of the ex-
perimental data will be obtained. However, in this approach
the calculated liquid phase saturation concentration Cg, does
not agree with the actual solubility data in the literature. It is
obvious that one cannot determine the solubility of a solute
in a liquid solvent by merely studying adsorption behavior
of the solute on a solid adsorbent in the solvent. This con-
tradiction forced some authors to interpret the calculated Cg
value as the liquid phase concentration at which the adsor-
bent is saturated with adsorbate (Miller and Clump 1970),
or as the liquid phase concentration at which upward curva-
ture of the BET isotherm is observed (Al-Futaisi et al. 2007).
These conclusions have been reached because of the partic-
ular trend of the BET equation. The mathematical form of
the classical BET equation is such that when C approaches
Cg,i.e. x — 1, the predicted amount of adsorption ¢, tends
to increase rapidly towards infinity.
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It is obvious that determining the correct form of the BET
isotherm model equation is essential for appropriate model-
ing of liquid phase adsorption phenomena. The main objec-
tive of this paper is developing an appropriate form of the
BET isotherm equation for liquid phase adsorption and elu-
cidating the sources of confusion in the literature. The de-
veloped model has been applied on liquid phase adsorption
data from our research and two sets of experimental data
from the literature.

2 Theory

For elucidating the source of discrepancies in using BET
isotherm model for adsorption in liquid phase, a close exam-
ination of the derivation of the classical BET isotherm is es-
sential. Similar to Brunauer et al. (1938), let So, S1, S2, ...,
S;i, ... represent the surface area that is covered by only
0,1,2,...,i,... layers of adsorbed molecules. Since at
equilibrium Sy must remain constant, the rate of adsorption
on the bare surface is equal to the rate of desorption from
the first layer:

aiPSy= (bje BV/RT)g, (1)

where P is the partial pressure of adsorbate, and a; and b,
are rate constants for adsorption and desorption on the first
layer, respectively. E is the heat of adsorption on solid sur-
face. At equilibrium, S| must also remain constant. S can
change in four different ways: by adsorption on bare surface,
by desorption from the first layer, by adsorption on the top
of the first layer, and by desorption from the second layer.
Thus:

ay PS1 + (b1e EVRTY S| = (bre BY/RTY§) L a1 PSy  (2)

ay and by are adsorption and desorption rate constants cor-
responding to the second layer. E» is the heat of adsorption
on the second layer.

From (1) and (2):

ay PSy = (bye B/ RT)s, 3)

i.e., the rate of adsorption on top of the first layer is equal to
the rate of desorption from the second layer. Similarly, for
the second and consecutive layers we obtain

a3P Sy = (bye B3/RTy g5, )

aiPSi_1 = (bie Ei/RT)s; ®)
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a; and b; are rate constants of adsorption and desorption = These summations are calculated as

processes of the i-th layer, respectively. The total surface ~

area is given by S y <1 19
Y= , (19)

o0
A=Y"s; ©)
i=0
and the total amount of adsorbed solute is
o0
a=q0) iSi @)
i=0

where ¢ is the amount adsorbed on unit surface area of the
adsorbent when it is covered with a complete unimolecular
layer. It follows that

g9 _ 4 _ 2t

1 _ 1 _ &i=0"" 8)
Aqo qm Z?io Si

Brunauer et al. made two simplifying assumptions, that
the heat of adsorption is equal for all upper adsorbed layers
(i.e. the layers 2,3,4...) and it is equal to the heat of con-
densation. The second assumption is that the ratio of rate
constants of adsorption and desorption (a;/b;) are equal for
these layers:

Ey=E3=---=E; =E|, 9)

by b b;

2_B_ .2 (10)

a as a;

Letting

y = PIL EVRT, (11)
by

x = p%2 EL/RT (12)

2
and
c=2 (13)
X

S1,8,...,S;,...can be expressed in terms of Sp:

S1 =S, (14)

So=x81, (15)

S3=x8 =x28, =x>ySo = cx>Sy, (16)

S; =cx'Sy (17)

Substituting into (8), we obtain

q CSOZ?ilixi _ CZ?ilixi (18)
dm B SO{1+CZ?ilxi} - {1+CZ?ilxi}

oo,l-_ d [ ; . X X
le e (Zx)_xﬁ<1—x>_(1—x)2 (20)

i=1
Substituting into (18), we obtain

i_ cX (21)
gm (1 —x)(1—x+cx)

Equation (21) is the most familiar form of the BET equation
and it is usually used in a rearranged form for linear regres-
sion of the experimental data:

X 1 <c -1 )

—_——=—+ X (22)
g1 —x)  gme gmc
The monolayer adsorption capacity of the adsorbent g, can
be determined from slope and intercept of this linear equa-
tion and subsequently, specific surface area of the adsorbent
can be calculated.

If the number of adsorbed layers cannot exceed some fi-
nite number 7, then the summations in (18) are to be carried
out up to n terms only, and not to infinity, i.e.

n

in _ L_xn) (23)

. 1—x
i=1

o d (& d (x(1—x")
;lx _xdx (Zx)_xdx( 1—x )

i=1

_x[1 = (n+ Dx" 4+ nx"t1]

24
122 (24)

Replacing (23) and (24) into (18), we obtain:
q ex{l — (n + Dx" 4+ nx"t1} 25)

gn (1 —x){1+ (c — Dx —cxt1)

It should be noted that (25) has a more general form and the
assumption of x < 1 is not made in this equation. If x < 1
and we let n — oo (25) will be reduced to (21).

From (1) and (3-5) we obtain the following equations for
the equilibrium constants of the first and consecutive layers.
Equilibrium constant of adsorption for the first layer:

Ky = 2L E1/RT (26)
b

Equilibrium constant of adsorption for upper layers:

K = 2 oFL/RT 27)
by
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And so
Ks
_ s 28
c X, (28)

E| and E} are heat of adsorption of the first layer on the
solid surface and heat of condensation of the adsorbate, re-
spectively.

Brunauer et al. made another important assumption that
g will be infinite when the partial pressure of the adsorbate
equals its saturation pressure (P = PS)in gas phase, i.e. the
adsorbate will condense on the surface. This assumption led
to the point that x must be equal to 1 when P = PS5,

b
x(PS)zliPS%eEL/RTzliPSZ_zefEL/RT (29)
2 an

_p@ Err _ P

:>x—sze =53 30)
Brunauer et al. made this critical assumption (Brunauer et
al. 1938) mainly for the purpose of reducing the number
of parameters of the model to two by eliminating K from
the equations and expressing the isotherm model in a linear
form (21). This was justified because using a linear equation
for fitting the experimental data was much easier than fitting
a nonlinear equation with a complex form.

From (27) and (29) we obtain:

PS=1/K; €1y
and from (28) and (31):
Kg s
=—=KgP 32
‘=X s (32)
For n =1 the (25) reduces to the Langmuir isotherm equa-
tion:

q  cx KsP (33)
gm l4+cx 1+KgP

In fact, the Langmuir isotherm is a special case of the more
general BET isotherm model.

As it is shown, the inverse of the equilibrium constant of
the upper layer adsorptions, 1/K , has been replaced by PS
in the classical BET equation (21). In addition, the constant
¢ in BET isotherm equation is the ratio of the equilibrium
constant of the first layer to that of the upper layers. Replac-
ing 1/K; by P¥ in the classical BET equation is the direct
result of assuming that ¢ will be infinite when P = P in the
gas phase. One should note that a similar assumption is not
necessarily valid in liquid phase adsorption, i.e. one cannot
assume that g will be infinite when C = Cy. In liquid phase
adsorption, no layers may be adsorbed even at C = Cy if the
surface has no affinity for the adsorbate molecules; and in
contrary, the amount of adsorption can be very high even at
concentrations much lower than the maximum solubility of
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the adsorbate when the affinity of the surface is high for the
adsorbate molecules.

From another point of view, one should note that in
gas phase multilayer adsorption the adsorbate molecules
from the gas phase adsorb on similar molecules and a
condensation-like phenomenon occurs. The heat of adsorp-
tion of these layers, E, is equivalent to the heat of con-
densation and (29) is consistent with the Clausius-Clapeyron
equation for vapor pressure (In PS = (—Ep /RT) + const).
One can relate K; and PS by (27), (29), and (31). In other
words, the critical assumption of Brunauer et al. is a realis-
tic assumption only for gas phase adsorption. Nevertheless,
in liquid phase adsorption; the adsorbate molecules in bulk
phase are in liquid state and the heat of adsorption of upper
layers, Ey , is not equivalent to the heat of condensation and
a similar relation between K and Cg cannot be assumed.

In the classical BET equation, if we replace 1/PS with
the equilibrium constant of upper layers Ky, and P with
the liquid phase equilibrium concentration C,y, the BET
isotherm equation can be modified for liquid phase adsorp-
tion as:

KSCeq[l —(n+ 1)(KLCeq)n +n(KLCeq)n+1]

qd=dqm
(1= KrCep)[1 4 (55 — 1)K1.Cog — (£5)(KL.Cog)+']
(34)
forn =00
KsC
q=4qnm - 35)
(I— KLCeq)(l - KLCeq + KSCeq)
forn=1
KSCeq .
=g, ———— (Langmuir 36
q qm1+K5Ceq ( gmuir) (36)

It is obvious that in case of liquid phase adsorption
the BET isotherm equation has three degrees of freedom
(gm» Ks, K1) , while it has two degrees of freedom (g, )
in the case of gas phase adsorption.

In fact, Brunauer et al. fixed one of the three parame-
ters of the equation (¢,,, K5, K1) by expressing the adsor-
bate concentration in the form of relative concentration (by
equating 1/K; = P®) and reduced the number of parame-
ters to two (g, ¢) for the purpose of developing the equa-
tion in linear form for ease of linear regression of the exper-
imental data.

The BET isotherm equation for liquid phase adsorption
can also be derived directly by a method similar to the devel-
opment of the classical BET equation. Gritti and Guiochon
used a similar approach for liquid phase adsorption (Gritti
and Guiochon 2003). By referring to the original derivation
of the BET equation for gas phase, one can clarify the phys-
ical significance of PS and K in the BET equation. This
prevents misuse of Cg (solubility of the solute) instead of
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PS5 (saturation partial pressure of the adsorbate) when ap-
plying BET equation to liquid phase adsorption.

Equation (25) has three parameters (g;,, ¢, n) that should
be determined using experimental data. As a result, it is im-
possible to convert this equation to a linear form. According
to Brunauer et al., to determine the number of maximum
adsorbed layers (n) in the (25), one should evaluate ¢ and
gm by fitting the n = oo form of the equation to the experi-
mental data in the low concentration region, then use these
values in the equation, to solve for the best average value of
n (Brunauer et al. 1938). Nevertheless, nowadays it is pos-
sible to evaluate the three parameters of the (25) and (35)
or even the four parameters in (34) by nonlinear regression
calculations using available regression software packages.

3 Application of the BET isotherm to liquid phase
adsorption

To clarify the differences between various approaches in us-
ing BET equation for liquid phase adsorption, three sets of
liquid phase adsorption data have been modeled by different
approaches in using the BET isotherm model. These data
are the equilibrium adsorption data of MTBE on perfluo-
rooctyl alumina (PFOAL) at moderate concentration range
of 5-700 mg/L (Ebadi et al. 2007), adsorption of phenol on
activated carbon (Miller and Clump 1970), and adsorption of
pentachlorophenol (PCP) on carbonized bark (Edgehill and
(Max) Lu 1998). The DataFit® (Oakdale Engineering) non-
linear regression software was used to evaluate the model
parameters of the adsorption isotherm and relevant statisti-
cal parameters.

Three different approaches in using the BET isotherm
equation are:

BET-Case 1: Using 21 with x =
and Cs = constant (taken from solubility data)
BET-Case 2: Using (21) with x = C,;/Cs and Cy is taken

as an adjustable parameter
BET-Case 3: Using (35) (The correct form of BET isotherm
for liquid phase adsorption)

Ceq/ Cs

For the purpose of comparison of the results (especially
with the results of BET-Case 1) the Langmuir isotherm,
which is a special case of the BET isotherm, was also used
to model the experimental data.

Figures 1, 2 and 3 show the trends of the experimental
data and the trends predicted by different forms of the BET
isotherm and Langmuir isotherm equation at low (parts a)
and high (parts b) concentration ranges for the liquid phase
adsorption of MTBE, phenol, and pentachlorophenol, re-
spectively. Tables 1, 2 and 3 show the calculated parameters
for each of the three cases of BET equation along with the
Langmuir equation for the three adsorption systems, respec-
tively.

BET-Case I: The results obtained for modeling the ad-
sorption data of MTBE (Table 1 and Fig. 1), and adsorp-
tion of phenol (Table 2 and Fig. 2), and adsorption of PCP
(Table 3 and Fig. 3) show that when Cg in BET isotherm
is taken as the actual saturation concentration of the ad-
sorbate in liquid phase (a constant value), the model ex-
hibits a poor performance in expressing the experimental
data (R2 = 0.9586, 0.7366, and 0.9209 for adsorption of
MTBE, phenol and pentachlorophenol, respectively). Pre-
diction of the experimental data and quality of the regres-
sion is similar to that of Langmuir isotherm for adsorption
of MTBE and phenol (R* = 0.9579 and 0.7363 for adsorp-
tion of MTBE and phenol, respectively; see also Figs. la
and 2a). For adsorption of PCP, the quality of the regres-
sion is different for the BET-Case 1 and Langmuir isotherms
(R? = 0.9209 and 0.8450 for BET-Case 1 and Langmuir
isotherms, respectively; see also Fig. 3). The reason for
this difference will be explained in the next paragraph.
The g, values calculated by BET-Case 1 equation is very
close to that calculated by Langmuir isotherm for the ad-
sorption of MTBE and phenol (9.682 mg/g vs.10.081 mg/g
and 134.145 mg/g vs. 134.359 mg/g, respectively). Again,
the g, values calculated by BET-Case 1 and Langmuir
equations are considerably different for adsorption of pen-
tachlorophenol (1.489 mg/g and 4.083 mg/g by the BET-
Case 1 and Langmuir equations, respectively). Figures 1b
and 2b show that as the liquid phase concentration ap-
proaches the actual saturation concentration, the amount of
adsorption predicted by BET-Case 1 isotherm approaches
infinity while that of Langmuir isotherm remains constant.
At low concentration range, the number of degrees of free-
dom of the BET-Case 1 equation reduces to two and from
mathematical standpoint; the model behaves similar to the
Langmuir isotherm which has two degrees of freedom. In
other words, the model behaves similar to the Langmuir
model equation at liquid phase concentrations far from the
saturation level (low concentration range). The BET-Case 1
isotherm can predict the S-shaped trend at higher liquid
phase concentration ranges while as shown in Figs. la
and 2a the experimental data trend shows this S-shaped
trend at lower concentration range. Maurya and Mittal ob-
tained similar results for BET (Cs = constant) and Lang-
muir equations in liquid phase adsorption of dyes on biosor-
bents (Maurya and Mittal 2006). For example according to
their results, g, values calculated by BET and Langmuir
equations were 203.78 and 204.38 mg/g, respectively.

A number of authors that used BET equation with Cg
as a constant value have reported a significant difference
between BET and Langmuir equations in terms of satura-
tion capacity (Fu and Viraraghavan 2000; Hall et al. 2001;
Ramakrishna and Viraraghavan 1997). For the purpose of
elucidating this point, we have used different values of Cg
in BET-Case 1 equation for the adsorption of MTBE and
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Fig. 1 Correlation of experimental data of adsorption of MTBE on
PFOAL adsorbent (Ebadi et al. 2007) by various forms of BET
isotherm and Langmuir isotherm (a) low concentration range (b) Ex-
tending Case 1 of BET and Langmuir equation to high concentration
range

200
(a)
BET-Case 2 & Case 3
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Fig. 2 Correlation of experimental data of adsorption of phenol on
activated carbon (experimental data from Miller and Clump 1970) by
various forms of BET isotherm and Langmuir isotherm (a) low con-
centration range (b) Extending Case 1 of BET and Langmuir equation
to high concentration range

Table 1 Calculated parameters

for isotherm models applied for BET Langmuir
adsorption of MTBE on PFOAL Case 1: Case 2: Case3: x =K Cyy
(:x;l)erzl(r)r(l)f;ntal data from Ebadi x=C,q/Cs x=Ceq/Cs Correct form of BET isotherm
etak ) Cg = constant Cs = adjustable for liquid phase adsorption

Cs (mg/L) (42000)* 1212.30 K1 (L/mg) 8.25E-04 -

c 115.395 20.696 Ks (L/mg) 1.7071E-02 2.61E-03
aThe saturation concentration of qm (mg/g) 9.682 3.257 qm (mg/g) 3.257 10.081
MTBE in water at room R? 0.9586 0.9978 R? 0.9978 0.9579
temperature (Stephenson 1992)
Table 2 Calculated parameters .
for isotherm models applied for BET Langmuir
adsorption of phenol on Case 1: Case 2: Case 3: x = K1 Cey
gcttlv?ted C;\l/ﬁ?n (ex(fférllmental x=Ceq/Cs x=Ceq/Cs Correct form of BET isotherm
lg;lo)rom Heran ump Cs = constant Cs = adjustable for liquid phase adsorption

Cs (mg/L) (70000)* 138.877 K1 (L/mg) 7.201E-03 -
aThe saturation concentration of c 6103.487 129.599 Ks (L/mg) 0.933 8.690E-02
phenol in water at room qm (mg/g) 134.145 63.835 gm (mg/g) 63.835 134.359
temperature (Quintelas et al. R? 0.7366 0.9585 R? 0.9585 0.7363

2006)
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phenol and reported the results in Tables 4 and 5. One should

note that in this case (BET-Case 1) when the used Cg is very

large, x = C,y/Cs = 0 and it can be ignored in the equa-

tion. As a result, BET equation approaches the Langmuir

isotherm:

q cx

gm (1 =x)(1—x+cx)

q cx KsCey

gm l4cx 1+ KsCey

As it is shown in Tables 4 and 5, if the Cg is taken as a
constant value (BET-Case 1) one may face with two limiting
situations. If the used value of Cy is sufficiently larger than
the value of 1/K then the monolayer adsorption capacity
(gm) calculated by BET-Case 1 isotherm equation will be
close to the g, value calculated by the Langmuir isotherm
equation. For example, the actual saturation concentration
(solubility) of MTBE and phenol in aqueous medium is
42000 mg/L (Stephenson 1992) and 70000 mg/L (Quinte-
las et al. 2006), respectively which are very large compared
with their corresponding 1/K; values (1212.30 mg/L and
138.88 mg/L, respectively). As a result, the g, values cal-
culated by BET-Case 1 and Langmuir equations for the ad-
sorption of MTBE and phenol are very close (9.682 mg/g

6
5 BET-Case 2 & Case 3 BET-Case 1
— 4 -{| » Experimental
3 BET-Case 1
£ 347 BET-Case 2
— 7 ||—BET-Case 3
e X T Langmuir
- - - Langmuir
o2
1 4
0+ : . :
0 2 4 6 8

Ceq (mglL)

Fig. 3 Correlation of experimental data of adsorption of pen-
tachlorophenol (PCP) on carbonized bark (experimental data from
Edgehill and (Max) Lu 1998) by various forms of BET isotherm and
Langmuir isotherm

vs. 10.081 mg/g and 134.145 mg/g vs. 134.359 mg/g, re-
spectively). If the value of Cy is close to the value of 1/K,
then the value of g, calculated by BET-Case 1 equation will
be considerably different from that by Langmuir isotherm
equation (see Tables 4 and 5). This is the situation faced in
adsorption of PCP. The saturation concentration (solubility)
of PCP in water is the same order of magnitude as 1/K
value (~10 mg/L vs. 5.437 mg/L). Consequently, the g,
values calculated by BET-Case 1 and Langmuir isotherms
for adsorption of PCP are different (1.489 mg/g versus
4.083 mg/g).

In addition, one should note that monolayer and max-
imum adsorption capacities are the same for Langmuir
isotherm because in this isotherm model it is assumed that
only one layer can adsorb on the adsorbent. However, in
BET isotherm equation the monolayer adsorption capacity
qm, differs from maximum adsorption capacity. The maxi-
mum adsorption capacity is not limited in (21) and (35) and
it can approach infinity. In (25) and (34) the maximum ad-
sorption capacity is limited, because it is assumed that the
number of adsorbed layers cannot exceed some finite num-
ber n.

BET-Case 2: Figures la, 2a, and 3 show that when Cg
in the classical BET isotherm is taken as an adjustable para-
meter (BET-Case 2), the model shows a good fit of the ex-
perimental. The model predictions do not differ from those
of the correct form of the BET equation for liquid phase ad-
sorption (BET-Case 3) and the curves for the two cases co-
incide exactly. The values of Cg calculated by BET-Case 2
for the three sample data are 1212.30 mg/L, 138.877 mg/L,
and 5.437 mg/L, respectively which are exactly the inverse
of the corresponding values of K (8.25E-4 L/mg, 7.20E-
3 L/mg, and 0.184 L/mg) calculated by the BET-Case 3, i.e.
Cs = 1/Kp . In addition, the calculated value of the parame-
ter ¢ by BET-Case 2 is equal to the ratio of K5/K by BET-
Case 3. These equalities are the result of using the classical
form of the BET equation (developed for gas phase adsorp-
tion) directly to liquid phase adsorption and are in agreement
with the theoretical results obtained in (31) and (32). The
calculated monolayer adsorption capacities, g,,, are also the
same for the two cases, BET-Case 2 and BET-Case 3, and

Table 3 Calculated parameters

for isotherm models applied for BET Langmuir
adsorption of pentachlorophenol Case 1: Case 2: Case 3: x =K Cey

?n carbomztecll (I;atrkf x =Ceq/Cs x=Ceq/Cs Correct form of BET isotherm

cxperimental data trom - — adi for liquid phase adsorption
Edgehill and (Max) Lu 1998) Cs = constant Cs = adjustable quid p TptL

Cs (mg/L) (10)* 5.437 K1 (L/mg) 0.184 -

4The saturation concentration of ¢ 19.775 88.212 Ks (L/mg) 16.224 0312
pentachlorophenol in water at qm (mg/g) 1.489 0.841 qm (mg/g) 0.841 4.083
room temperature (Arcand et al. R2 0.9209 0.9986 R2 0.9986 0.8450

1995)
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Table 4 Monolayer adsorption capacities calculated by BET isotherm at different values of Cg, when Cy is taken as a constant value (BET-
Case 1), applied for adsorption of MTBE on PFOAL (experimental data from Ebadi et al. 2007)

BET isotherm Case 1: x = C¢y/Cs and Cg = constant Langmuir
Cs (mg/L)
12123 =1/K 1300 2500 42000
qm (mg/g) 3.257 3.515 5.625 9.682 10.081
R? 0.9978 0.9970 0.9762 0.9586 0.9579

Table 5 Monolayer adsorption capacities calculated by BET isotherm at different values of Cg, when Cg is taken as a constant value (BET-
Case 1), applied for adsorption of phenol on activated carbon (experimental data from Miller and Clump 1970)

BET isotherm Case 1: x = C¢y/Cs and Cg = constant Langmuir
Cs(mg/L)
138.876 =1/K, 300 5000 30000 70000
qm (mg/g) 63.835 95.187 131.417 133.862 134.145 134.359
R? 0.9585 0.8371 0.7410 0.7371 0.7366 0.7363

are considerably different from those for the BET-Case 1
and Langmuir equations (see Tables 1, 2, and 3).

One can conclude that when Cg in the classical BET
isotherm is taken as an adjustable parameter, in fact the in-
verse of the equilibrium adsorption constant of upper layers,
1/Kp, is calculated instead of K; by nonlinear regression.
In other words, the Cg value calculated by BET-Case 2 is
not the actual saturation concentration of the liquid phase;
it is only the inverse of K. The large difference between
the calculated values of Cg by BET-Case 2 (1212.30 mg/L
and 138.88 mg/L for adsorption of MTBE and phenol, re-
spectively) and the actual value of saturation concentra-
tion of MTBE (42000 mg/L) (Stephenson 1992) and phenol
(70000 mg/L) (Quintelas et al. 2006) in water supports this
argument. In an attempt to justify the difference between
calculated values and actual values of Cs some authors have
stated that the value of Cg calculated from the BET isotherm
equation was the liquid phase concentration at which the
adsorbent saturates with the adsorbate (Miller and Clump
1970) or as the concentration at which the upward curvature
of the isotherm occurs (Al-Futaisi et al. 2007).

BET-Case 3: This is the correct form of the BET isotherm
equation for liquid phase adsorption (35), BET-Case 3. In
this case an assumption similar to the critical assumption
of Brunauer and co-workers that g will be infinite when
P = P% in the gas phase (Brunauer et al. 1938) does not
apply for the liquid phase. As a result, the saturation con-
centration of the adsorbate was eliminated from the BET
isotherm equation and the equilibrium constant of adsorp-
tion of upper layers (K ) was reinstated in the equation. As
shown in Figs. 1a, 2a, and 3 and Tables 1, 2, and 3 a good
fit of the experimental data has been obtained. As discussed
previously, the trend of prediction by BET-Case 3 coincides

@ Springer

exactly with that of the BET-Case 2 but all of the calculated
model parameters have real physical significance for the
BET-Case 3. Although, in gas phase adsorption PS =1/K
consistent with the Clausius-Clapeyron equation for vapor
pressure (In PS = —E; /RT + const); in liquid phase ad-
sorption the actual saturation concentration is not equal to
1/Kr,i.e.in liquid phase adsorption Cs # 1/K| .

4 Conclusions

In the classical BET isotherm equation (21), developed for
gas phase adsorption, the bulk phase concentration was ex-
pressed as a relative concentration, x = P/ PS. Some re-
searchers applied this equation directly to liquid phase ad-
sorption and expressed the bulk liquid phase concentration
as x = Cpy/Cs. A close examination of the classical BET
equation and application of this equation to liquid phase ad-
sorption data showed that when applying BET equation to
liquid phase adsorption, partial pressure of adsorbate in the
BET equation should be replaced by liquid phase concentra-
tion, Cy. However, applying a similar approach to replace
the saturation partial pressure, P, in the equation with the
saturation concentration of the adsorbate in liquid phase, Cg
is not appropriate. This is the point of ambiguity and mis-
understanding in a number of previous reports in the litera-
ture. One should note that the assumption of infiniteness of
adsorption at saturation concentration made in the classical
BET equation for gas phase adsorption can not be valid for
liquid phase adsorption. Since both the adsorbate and sol-
vent are in condensed form, if the adsorbent has no affinity
for the adsorbate or if it has already been saturated with the
adsorbate, the amount of adsorption will not increase with
increasing liquid phase concentration.
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When applying BET isotherm for liquid phase adsorp-
tion the adsorption equilibrium constant of upper layers, K,
which had been taken out from the classical BET equation
as a result of an assumption which can only be valid for gas
phase adsorption, should be reinstated, i.e. x = K1 C,y. In
other words, the correct form of the BET isotherm for liquid
phase adsorption is given by (35) and (34) instead of (21)
and (25), respectively.

Nomenclature

ai Rate constant for adsorption on solid surface,
mol/s m? (mg/L)

az,as,... Rate constant for adsorption on 2nd, 3rd, ...
layers, mol/s m? (mg/L)

by Rate constant for desorption from the first layer,
mol/s m?

by, b3, ... Rate constant for desorption from 2nd, 3rd, ...
layers, mol/s m?

Cey Equilibrium liquid phase concentration, mg/L

Cs Saturation concentration of liquid phase, mg/L

c A constant parameter in BET isotherm, ¢ =
Ks/KL

E| Heat of adsorption on the solid surface (first
layer), J/mol

Er Heat of liquefaction (heat of adsorption on up-
per layers), J/mol

Ks Equilibrium constant of adsorption for 1st layer
in Langmuir and BET isotherms, (mg/L)’1

K Equilibrium constant of adsorption for upper
layers in BET isotherm, (mg/L)_l

MTBE Methyl tert-butyl ether

n Maximum number of adsorbed layers on solid
surface in BET isotherm

P Partial pressure of adsorbate in gas phase, Pa

PS Saturation pressure (vapor pressure) of adsor-
bate in system temperature, Pa

PCP Pentachlorophenol

PFOAL Perfluorooctyl alumina

q Amount of adsorbate adsorbed on the solid sur-
face, mg/g

qm Amount of adsorbate corresponding to com-
plete monolayer adsorption, mg/g

R Universal gas constant, J/mol K

Si Surface area covered by i layers of adsorbed
molecules, m?/g

T Absolute temperature, K
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