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Abstract

Adsorption parameters (enthalpy of adsorption, free energy of adsorption) of several alkanes, cyclic hydrocarbons, aromatic hydrocarbons
and chlorinated compounds on different adsorbents (alumina, zeolites 13X and 5 A, and activated carbon) were determined by inverse gas
c rbent system.
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hromatography. Dispersive surface energy interaction and specific interaction parameters were determined for each solute–adso
t was found that mesoporous alumina presents lower enthalpy of adsorption than the microporous materials. Furthermore, zeolite
as wider pores than zeolite 5 A, exhibits a higher adsorption capacity.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Volatile organic compounds (VOCs) are among the key
ollutants emitted into the atmosphere that cause outdoor
ir pollution. They are organic compounds that may undergo
hotochemical reactions with nitrogen oxides in the presence
f sunlight, yielding even more hazardous compounds. Pho-

ochemical smog and ozone depletion in the stratosphere are
esults of VOCs activity.

One of the challenges of the Clean Air Act Amendments
CAAA) is the search for efficient and economical VOCs
ontrol strategies. Reduction of VOCs concentration to de-
irable levels can be accomplished by destructive and non-
estructive methods. Destructive methods involve oxidation
eactions of VOCs to yield non-hazardous chemical species.
on-destructive methods are of physical nature and include
dsorption, absorption, condensation and membrane separa-

ions (usually pervaporation).

∗ Corresponding author. Tel.: +34 985 103437; fax: +34 985 103434.
E-mail address:sog@genio.quimica.uniovi.es (S. Ordóñez).

In the adsorption process, VOCs molecules are reta
by a solid adsorbent as a result of intermolecular forces
used for effluents from vents and storage tanks, althou
can also be used in connection with other emission sou
To extend the lifetime of the adsorbent, VOCs are rea
desorbed without a change in chemical composition an
covered for reuse or disposal. Activated carbon, silica
alumina and zeolitic materials are the most common a
bents for VOCs abatement.

Granular-activated carbon is the most common typ
carbon adsorbent because of its large surface area a
ficient VOCs recovery. Studies of adsorption of alkane
graphite powders and carbon blacks have been reporte[1].
Alumina has been employed in adsorptive processes su
temperature swing adsorption (TSA) and pressure swin
sorption (PSA), mainly to pretreat air streams[2]. Adsorption
of hydrocarbons on�-Al2O3 has been extensively report
[3–7].

Zeolites have attracted a great interest due to their cat
and exchange properties, furthermore they are emergi
versatile alternative adsorbents. Molecular sieve zeolites
021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2004.07.061
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as 13X zeolite (also known as NaX) have been used for hydro-
carbon adsorption[8,9], and more recently, molecular sieves
of 5 A type (CaA) were also proposed[10,11]. In spite of this,
there are not systematic studies comparing the performances
of activated carbons, alumina and zeolites for the adsorption
of VOCs.

Gas–solid chromatography has been used for many years
to study adsorption and catalytic reactions with some ad-
vantages with respect to static methods. When its goal is the
characterization of the stationary phase, instead of the separa-
tion of solutes in the mobile phase, the technique is known as
inverse gas chromatography (IGC). IGC measurements can
provide information on thermodynamic, surface energy, re-
action kinetics, and textural parameters (such as surface area
and porosity). IGC has been widely utilized to study syn-
thetic and biological polymers, copolymers, polymer blends,
adsorbents[12,13], foods[14], carbon blacks[15] and fibers
[16].

In the present work, IGC is used to study thermodynamics
of adsorption of several groups of VOCs: hydrocarbons (pen-
tane, hexane, heptane and octane), cyclic compounds (cyclo-
hexene and cycloheptane), aromatic compounds (benzene)
and chlorinated compounds (chloroform, trichloroethylene
and tetrachloroethylene) on four adsorbents: alumina, acti-
vated carbon and molecular sieves 13X and 5 A. Furthermore,
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Solutes employed in adsorption studies were pentane,
hexane, heptane and octane from Fluka (>99.5% pu-
rity), and cyclohexene, cycloheptane, benzene, chloro-
form, trichloroethylene and tetrachloroethylene from Panreac
(>99% purity). Helium (>99.9995% purity) was supplied by
Air Liquide.

2.2. Apparatus and procedure

Chromatographic measurements were carried out with a
Varian 3800 gas chromatograph with a thermal conductivity
detector. The adsorbent was placed into a 30 cm length of
Supelco Premium grade 304 stainless steel column, with
passivated inner walls and an inside diameter of 5.3 mm
(o.d. 1/4 in.). In order to obtain homogeneous packing, the
adsorbent (40/60 mesh) was introduced in small quantities,
accompanied by mechanical vibration, and the two ends
of the column were then plugged with silane-treated glass
wool. The adsorbent loading used in this work were 4.3 g of
Al2O3, 0.6 g of zeolites 13X and 5 A and 0.3 g of activated
carbon. The columns were then stabilized on the GC system
at 200◦C overnight under a helium flow rate of 30 mL/min.
In order to avoid detector contamination, the outlet of the
column was not connected to the detector during this period.

Measurements were carried out in the temperature range
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he influence of the adsorption on the external surface, as
s the diffusion of molecules within the bulk of material a

he surface acidity on adsorption parameters are also rep
he objective of this study was to determine the basic
odynamic parameters for the adsorption of different k
f VOCs over different types of adsorbents. Moreover, t
arameters have been correlated with the properties of
ompounds, as well as with the physico-chemical prope
f the solids.

Furthermore, each group of VOCs, depending on
xact structure and on the functional groups present, can
specific interaction on a given adsorbent. These param
ave two distinct uses: some of them, such as�Hads are
eeded in the design of adsorption units, whereas the
pecific parameters are useful predicting the performan
hese adsorbents in the adsorption of other compound
ell as gaining a general understanding of the adsor
rocess.

. Experimental

.1. Materials

The adsorbents used were:�-Al2O3 (BASF), zeolites 13X
nd 5 A (Alltech) and activated carbon GF 40 (kindly s
lied by Norit, The Netherlands). The activated carbon
hemically activated using the phosphoric acid process.
ina and activated carbon, available in pellets, were cru
nd the fraction between 40/60 mesh was selected. Both
ercial zeolites were available in the interval 40/60 mes
.

f 200–270 C. Helium was used as carrier gas, and fl
ates were measured using a calibrated soap bubble flo
er. In order to meet the requirement of adsorption at infi
ilution [17], symmetry of the peaks and retention times
roducible, amounts injected were in the range from 0.0
.8�L. For each measurement, at least three repeated

ions were taken, obtaining reproducible results. Air was
s a marker for the retention time correction, and it was

o ensure the absence of dead volume when a new co
s placed in the chromatograph. From the evaluated rete
ime (tR, min) and flow-rate (F, cm3/min) of the carrier gas
he retention volume (VR, cm3) was calculated. The speci
etention volume,Vg (cm3/g) is given as:

g = Fj
(tR − tM)

m

(
p0 − pw

p0

) (
T

Tmeter

)
(1)

heretR is the retention time (min),tM the retention time o
on-adsorbing marker (hold up time),p0 the outlet column
ressure,pi the inlet pressure,pw the vapor pressure of wat
t the flowmeter temperature (Pa),T the column temperatur
meter, the ambient temperature (K), andj the James–Marti
ompressibility factor defined as:

= 3

2

[
(pi/p0)2 − 1

(pi/p0)3 − 1

]
(2)

n addition to chromatography, adsorbents were also
cterized by other techniques. The surface area of th
orbents was determined by nitrogen adsorption at−196◦C
ith the surface analyser, Micromeritics ASAP-2000 ins
ent, considering a value of 0.164 nm2 for the cross-sectio
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of the nitrogen molecule. Acidity strength studies were car-
ried out in a Micromeritics TPD-2900 apparatus connected
to a Glaslab 300 mass spectrometer. For this purpose, 0.25 g
adsorbent sample was saturated in ammonia—stream of 10%
NH3/90% He—at 50◦C during 30 min, and then heated from
50 to 950◦C at 10◦C/min in a stream of pure He with a flow
rate of 50 cm3/min.

3. Results and discussion

3.1. Textural characterization of adsorbents

Surface area and pore volume, obtained from the analysis
of the desorption branch of the nitrogen isotherm using the
BJH (Barrett–Joyner–Halenda), are represented inTable 1.
Specific surface area of alumina is obtained by BET method
widely used. However, it presents serious limitations when it
is employed to microporous materials characterization, such
zeolites and activated carbon. BET method is based on mul-
tilayer adsorption, as takes places in mesoporous materials,
whereas microporous ones are characterized by monolayer
adsorption, so Langmuir method will be more recommend-
able for zeolites and activated carbon.

Zeolite 5 A differs from the other adsorbents because it
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Fig. 1. Pore size distribution calculated from nitrogen adsorption isotherms
by the BJH method.

specific retention volumes change with carrier gas flowrate
at 250◦C for no-aliphatic solutes, as shown inFig. 2.

For alkanes (C5–C8) no influence in retention volume was
observed, neither for zeolite 13X nor zeolite 5 A, this effect
was observed for the rest of compounds, especially for aro-
matic ones (benzene). The increase in retention volume with
the decrease of carrier gas flow rate is due to the increas-
ing contribution of molecular diffusion. When the flow rate
is high enough and does not affect the retention volume, it
is considered that the probe diffusion within the particles is
suppressed and theVg value is the contribution of the sur-
face adsorption of the molecule. Similar results were also
obtained by Xie et al.[12] in the case of zeolite NaX, and by
Mukhopadhyay and Schreiber[18] and Quin and Schreiber
[19] in the case of polymers at higher temperatures than the
glass transition.

In order to diffuse through adsorbent particles, the so-
lutes must be adsorbed first on the accessible surface and the
more strongly adsorbed molecules have more time for diffu-
sion into the micropores[12]. Since the interaction between
the molecules and particle surface is important for internal
diffusion, the molecular dimensions and structure of adsor-
bates are outstanding in diffusional effect in adsorbents. Both
from Fig. 2 for zeolite 13X and those for the rest of adsor-

F flow
r

as lower volume of mesopores, whereas zeolite 13X
igher ratio mesopores to micropores. The higher total
olume observed for activated carbon, if compared with
ites, corresponds with a narrower pore size distribution

larger specific surface area, as shownFig. 1.

.2. Diffusion of probe molecules in adsorbents

In order to measure specific interactions of adsorbates
urfaces, the contribution of molecules adsorption on th
ernal surface and molecules diffusion within the bulk of
erial have been discussed in the literature[18,19]. These au
hors have demonstrated that by changing the carrier ga
ate, and thus changing the contact time between adso
nd adsorbent, it is possible to separate the surface ad

ion contribution from the total retention data. No appa
ariation of the retention volume for the different solutes
etected for alumina and activated carbon when the ca
as flowrate was varied. Results for zeolite 13X indicate

able 1
pecific surface area and pore volume of alumina, zeolites 13X and 5
ctivated carbon

S(m2/g) V (cm3/g)

Mesopores Micropore

l2O3 209a 0.445 –
eolite 13X 571b 0.165 0.170
eolite 5 A 550b 0.062 0.176
ctivated carbon 1340b 0.294 0.174

a Specific surface area obtained by BET method.
b Specific surface area obtained by Langmuir method.
ig. 2. The dependence of specific retention volume with carrier gas
ate at 250◦C, on zeolite 13X.
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Fig. 3. The determination of adsorption enthalpies of probes on alumina:
pentane (�), hexane (�), heptane (�) and octane (×).

bents under study, 50 mL/min was found to be the proper
carrier gas flow rate for cyclohexene, cycloheptane, benzene,
trichloroethylene and tetraethylene over zeolite 13X, whereas
for chloroform and alkanes in the case of the same zeolite 13X
and for all the compounds studied for the others adsorbents,
at 30 mL/min have reached constantVg.

3.3. Adsorption parameters

In this study, thermodynamic parameters for adsorption
of hydrocarbons (C5–C8), cyclic compounds (cyclohex-
ene and cycloheptane), aromatic compounds (benzene), and
chlorinated ones (chloroform, trichloroethylene and tetra-
chloroethylene) on alumina, activated carbon and molecular
sieves 13X and 5 A were determined in the infinite dilution
region, in the so-called Henry’s law region. These solutes
have been chosen in order to analyze the pollutant behaviour
in adsorption, as well as the influence of molecular structure
in these phenomena.

Thermodynamic data describing the adsorption process
were derived from the temperature dependence of the specific
retention volume. At low surface coverage, the corresponding
enthalpy is given byEq. (3):

�Hads= −R
∂(ln Vg)

∂(1/T )
(3)

T
A ompou

P
H
H
O
C
C
B
C
T
T

Adsorption enthalpies (�Hads), were obtained from the slope
of plots of lnVg versus 1/T (Fig. 3), and results are summa-
rized inTable 2.

For all adsorbents the adsorption enthalpy ofn-alkanes
increases with the carbon number. Benzene exhibits more
negative�Hads than cyclic hydrocarbons and aliphatic and
alicyclic hydrocarbons with the same carbon number, i.e. hex-
ane and cyclohexane. High values of�Hads, indicate a strong
adsorbate–adsorbent interaction, and hence solutes interac-
tions with zeolites and activated carbon were found to be
stronger than those on alumina. Similar results were found by
Baumgarten et al.[4] and Bravo et al.[5] for the alumina when
cyclohexane, benzene andn-hexane adsorption was studied.
Also, similar results were found by Bilgic¸ and Aşkin [11]
for zeolite 5 A anḋInel et al.[9] for zeolite 13X. For chlori-
nated compounds on zeolites and activated carbon the adsorp-
tion enthalpy increases with molecular size, as: chloroform
< trichloroethylene < tetrachloroethylene. Alumina, shows a
different behavior. Furthermore, it can be seen that the values
of �Hads are lower (superior in absolute value) to those for
heats of liquefaction of these compounds (Table 2). This im-
plies that the enthalpies of adsorption measured are not only
due to the heat of condensation of the compounds onto the
surface, but also to physico-chemical interactions between
solutes and adsorbents, i.e. the adsorbate–adsorbent interac-
t ions
a igible.
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dsorption enthalpies (kJ/mol) and solute liquefaction heats for the c

Alumina Zeolite 13X

entane −28.47 −41.25
exane −31.81 −49.28
eptane −38.33 −55.19
ctane −41.45 −63.62
yclohexane −33.88 −45.56
ycloheptane −43.45 −52.80
enzene −42.40 −56.92
hloroform −40.56 −49.68
richloroethylene −34.68 −52.04
etrachloroethylene −38.59 −53.11
nds studied over the different adsorbents

Zeolite 5 A Activated carbon �Hliq (kJ/mol)

−52.96 −48.01 −24.3[20]
−57.97 −55.43 −27.2[20]
−63.09 −66.22 −31.7[20]
−69.61 −77.52 −36.6[20]
−39.71 −48.10 −29.97[21]
−43.53 −50.64 −38.5[22]
−58.87 −58.09 −33.92[21]
−44.00 −50.61 −31.4[21]
−44.84 −51.28 −34.62[21]
−45.91 −59.35 −34.68[21]

ions are preponderant for the initial experimental condit
nd that the adsorbate–adsorbate interactions are negl

It must be taken into account that accessibility to
icroporous network can be assessed by using mole
ith similar chemical interaction but with different molec

ar size. In addition, surface chemistry may be assesse
ng molecules with different polarity, acid–base proper
tc.; i.e. with different specific interactions with adsorb
urface. Alumina and activated carbon do not possess
ered crystal structure and consequently the pores ar
niform. Hence, all molecular species, with the possible
eption of high-molecular mass polymeric compounds,
nter the pores[11]. The molecular sieves 13X and 5 A ha
mall pores, with uniform free aperture diameter sizes of
nd 0.44 nm, respectively, which are determined by the
tructure of the crystal[23]. In the case of zeolite 13X, s
utes can be sorbed into the cavity. Pores of zeolite 5 A ca
e invaded by the studied molecules. These molecules



E. Dı́az et al. / J. Chromatogr. A 1049 (2004) 139–146 143

Table 3
Standard free energy,�Gads(kJ/mol), for listed compounds with adsorbents
under study at 250◦C

Alumina Zeolite
13X

Zeolite
5 A

Activated
carbon

Pentane −3.74 −15.48 −25.93 −15.90
Hexane −6.35 −20.41 −26.88 −20.90
Heptane −8.75 −24.57 −32.05 −25.88
Octane −10.99 −28.85 −37.11 −31.26
Cyclohexane −5.78 −18.44 −8.23 −19.00
Cycloheptane −8.90 −23.63 −15.55 −19.43
Benzene −10.41 −25.78 −27.75 −24.46
Chloroform −1.17 −19.79 −18.91 −15.34
Trichloroethylene −8.36 −20.15 −19.83 −18.84
Tetrachloroethylene −8.90 −22.80 −20.69 −23.21

still be adsorbed on the external surface, which corresponds
to the zone of mesoporosity, so values of enthalpy of adsorp-
tion are higher for zeolite 13X than for zeolite 5 A. Benzene
shows slightly higher values, which can be attributed to the
interaction of the�-electrons with the exchangeable cations
(sodium in the case of zeolite 13X and calcium in the case of
zeolite 5 A). It is remarkable the importance of the shape of
pores in the solids: slit-shaped in activated carbons, cylindri-
cal in zeolites and U-shaped in alumina. When studying acti-
vated carbons, the minimum dimension of benzene is taken as
0.37 nm, which corresponds to the width of its flat structure;
thus, benzene can enter slit-shaped pores wider then 0.37 nm.
But it can no go through cylindrical pores with this diameter.
In this case, its minimum dimension is taken as 0.57 nm, the
distance between two opposite carbon–carbon bonds[23].

From chromatographic data, the standard free energy of
adsorption at infinite dilution,�Gads (J/mol), can be ex-
pressed as[11,24,25]:

�Gads= −RT ln

[
p0Vg

π0A

]
(4)

or in an equivalent form[24,26]:

�Gads= −RT ln Vg + C (5)

whereA is the specific surface area, andπ0 is the spreading
p state,
w
c
s
g
i trend
a

is the
s and
s ption
t on of
p con-
t
F er
o orp-
t

Fig. 4. The free energy of different probe adsorptions on alumina at different
temperatures: 200◦C (�), 230◦C (�), 250◦C (�) and 270◦C (×).

may be calculated from[20]:

�GCH2 = −RT ln
Vg(n)

Vg(n+1)
(6)

whereVg,n andVg,n+1 are the specific retention volumes of
two consecutiven-alkanes havingnand (n+ 1) carbon atoms,
respectively.�GCH2 is independent of the chosen reference
state of adsorbed molecule[24]. The slopes of linear func-
tions given inFig. 4represent the increment in�GCH2.

As in the case of the free energy of adsorption, the surface
free energy of the adsorbent,γS (J/m2), may be split into
dispersion,γD

S , and specific,γS
S, contributions, corresponding

to the dispersion and specific interactions, respectively[29]:

γS = γS
S + γD

S (7)

The dispersive component, intrinsic and unspecific for all
molecules, is due to London forces and is given by:

γD
S = 1

4

�G2
CH2

γCH2N
2a2

CH2

(8)

whereN is the Avogadro number,aCH2is the area occupied
by a CH2 group (0.06 nm2), andγCH2(mJ/m2) is the surface
tension of a surface consisting of CH2 groups, which is a
function of temperature (◦C):

γ

T
c of

T
D

A

2
2
2
2

ressure of the adsorbed gas in the De Boer standard
hich was taken as 338�N/m [27]. The parameter,C, is a
onstant related to the standard states. Data of�Gadsfor the
olute–sorbent systems calculated fromEq. (4), at 250◦C, are
iven inTable 3. The free energy of adsorption forn-alkanes

ncreases with the carbon number and follows the same
s the adsorption enthalpies.

For a given adsorbate, the free energy of adsorption
um of energies of adsorption attributed to dispersive
pecific interactions. The standard free energy of adsor
akes into account the standard free energy of adsorpti
olar solutes on solid surfaces, namely, the dispersive

ribution,�Gd
ads, and the specific contribution,�Gs

ads [28].
orn-alkanes�Gads= �Gd

adsand changes with the numb
f carbon atoms in their molecules, the increment of ads

ion energy corresponding to methylene group,�GCH2, and
CH2 = 35.6 + 0.058(20− T ) (9)

able 4showsγD
S values, calculated fromEq. (8); they de-

rease as temperature increases in all cases. ValuesγD
S

able 4
ispersive component of surface energy,γD

S (mJ/m2)

dsorbent Alumina Zeolite
13X

Zeolite
5 A

Activated
carbon

00◦C 59.3 154.9 242.0 230.3
30◦C 56.7 153.1 241.1 224.5
50◦C 50.1 152.3 232.6 218.7
70◦C 44.6 150.3 226.9 210.1
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Fig. 5. Dependence ofγD
S (mJ/m2) on average pore diameter at different

temperatures: 200◦C (�) and 270◦C (�).

for zeolites and activated carbon are higher than those ob-
tained for the adsorption of the same compound on poly-
mer surfaces,∼60 mJ/m2 [25] or compounds such as theo-
phylline and caffeine,∼50 mJ/m2 [30]. These high values
of γD

S can be attributed to a high interaction potential in the
micropores.

Fig. 5 is a plot ofγD
S as a function of the average micro-

pores diameter of the adsorbents. It decreases as the average
pore diameter increases, which shows the interactions are
stronger in the micropores. Several authors have reported the
high values of the dispersive component for activated carbons
[20,31]and clays[26].

3.4. Specific interaction

In order to get a better understanding of the role of spe-
cific adsorption mechanisms, the chromatographic behavior
of polar molecules was compared to that ofn-alkanes.

The specific component of the surface free energy is
closely related with the parameter of specific interaction of
polar solutes (Isp). This parameter involves the surface prop-
erties in terms of potential and acid–base interactions and
may be determined from the difference of free energy of ad-
sorption,�(�G), between a polar solute and the real or hy-
potheticaln-alkane with the same surface area[25] or boiling
p

I

w
c t
o e in
a

a

T
E

Table 5
Isp (mJ/m2) values determined on alumina, zeolite 13X, zeolite 5 A and
activated carbon

Samples 200◦C 230◦C 250◦C 270◦C

Alumina
Cyclohexane 24.7 16.1 15.5 13.5
Cycloheptane 25.1 20.1 18.9 17.8
Benzene 66.9 63.5 59.5 55.5
Chloroform 16.3 11.5 4.7 0.4
Trichloroethylene 56.2 52.1 49.5 47.8
Tetrachloroethylene 40.8 38.7 36.7 35.3

Zeolite 13X
Cyclohexane 19.1 18.1 15.5 13.8
Cycloheptane 25.7 24.7 23.1 21.3
Benzene 96.2 93.1 88.8 84.2
Chloroform 24.6 20.3 11.1 5.2
Trichloroethylene 66.6 63.8 61.2 55.4
Tetrachloroethylene 51.6 47.7 45.7 43.3

Zeolite 5 A
Cyclohexane 89.0 67.3 58.1 52.6
Cycloheptane 107.5 91.2 79.9 37.6
Benzene 135.1 91.6 76.3 52.8
Chloroform 20.7 22.3 15.9 1.1
Trichloroethylene 67.5 54.9 46.9 27.2
Tetrachloroethylene 65.3 62.7 44.9 17.6

Activated carbon
Cyclohexane 180.1 165.2 156.3 143.1
Cycloheptane 214.8 197.8 188.2 174.9
Benzene 163.9 151.1 141.8 124.9
Chloroform 132.5 121.4 109.3 90.5
Trichloroethylene 162.0 148.4 138.9 122.3
Tetrachloroethylene 148.1 121.8 112.1 105.9

was observed that the temperature affects the specific in-
teraction, this parameter increasing initially and decreasing
latter with the increase of temperature. If the interaction is
studied according to the family, it is noted that in the case
of cyclic hydrocarbons, it does not vary monotonously. Cy-
cloheptane shows higherIsp than cyclohexane with all the
adsorbents. Furthermore,Isp is higher for the aromatic ring
(benzene) than for cycloalkanes, except with activated car-
bon as sorbent. For the three chlorinated solutes,Isp de-
pends on size, dipolar moment and polarity of the molecule.
Their specific interaction parameters follow the expected
trend on the basis of their dipolar moment (1.78 D for
trichloroethylene, 1.32 D for tetrachloroethylene and 1.01 D
for chloroform)[33], i.e., stronger interaction with increasing
polarity.

The trend of the specific interaction parameterIspwith the
molecular area of the probe molecules, calculated according
to Eq. (11), is depicted inFig. 6. In a previous work[34],
it was observed that the calculation of this parameter based
on molecular area was more reliable than if based on boiling
points. It is noted that, in general, influence of temperature is
not outstanding. Furthermore, there is not a strong influence
of temperature onIsp and it does not vary consistently with
molecular area, which means that the pores diameter is not
the key factor in polar interactions.
oint,Tb, [32].

sp = �(�G)

Nap
(10)

hereap is the probe surface area. In the present work,ap is
alculated from the liquid density,ρ, and the molar weigh
f the molecule,M, assuming a spherical molecular shap
hexagonal close-packed configuration[32].

p = 1.09× 1014
(

M

ρN

)2/3

(11)

he specific interaction parameters,Isp, calculated from
q. (10), for the four adsorbents, are listed inTable 5. It
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Fig. 6. Isp dependence on area molecules at different temperatures [200◦C (�), 230◦C (�), 250◦C (�) and 270◦C (×)] for: (a) alumina, (b) zeolite 13X, (c)
zeolite 5 A and (d) activated carbon.

3.5. Influence of sorbent acidity on adsorption

Chromatographic data may supply some insight about the
influence of sorbent acidity on its adsorption capacity. Alu-
mina, as well as zeolites, has both acid and basic properties.
Fig. 7shows TPD spectra for zeolites 13X and 5 A and alu-
mina.

According to the literature, three kinds of acid sites may be
considered, depending on the desorption temperature: weak
(TD < 250◦C), medium (250◦C < TD < 400◦C) and strong
(TD > 400◦C) acid sites[35]. All the sorbents studied are in
the range medium and strong acid sites and zeolites are much
more acidic than alumina. This acidity may be correlated with

F ia as
p

Fig. 8. Enthalpies of adsorption dependence of acidity (integration of NH3-
TPD) for different compounds: (a) pentane, hexane, heptane and octane;
(b) cyclohexane, cycloheptane, benzene, chloroform, trichloroethylene and
tetrachloroethylene.
ig. 7. TPD curve for zeolites 13X and 5 A and alumina, using ammon
robe molecule.
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the adsorption enthalpies, by integration of TPD-curves, as
shown inFig. 8.

It is observed that adsorption enthalpy ofn-alkanes in-
creases with the increase of the acidity of adsorbent. How-
ever, for the other compounds, it was observed a variation of
the trend. Adsorption of cyclic and chlorinated compounds
is stronger over zeolite 13X than over alumina, but this be-
haviour is contrary to that which happens over zeolite 5 A. It
is noted that bothn-alkanes and benzene correlate acidity vs.
adsorption, whereas it does not happen in the case of cyclic
and chlorinated compounds. A possible explanation could
be that instead of physico-chemical interaction, steric factors
lead the process. This is in agreement with the high difference
between cyclohexane–hexane and cycloheptane–heptane. In
the case of activated carbon, the solute–adsorbent interac-
tion is different, and probably esteric selectivity of activated
carbon is the key, so interaction could be higher.
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[9] O. İnel, D. Topalŏglu, A. Aşkin, F. Tümsek, Chem. Eng. J. 88 (2002)
255.
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