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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
chromatography. Dispersive surface energy interaction and specific interaction parameters were determined for each solute—adsorbent systerr
It was found that mesoporous alumina presents lower enthalpy of adsorption than the microporous materials. Furthermore, zeolite 13X, which
has wider pores than zeolite 5 A, exhibits a higher adsorption capacity.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In the adsorption process, VOCs molecules are retained
by a solid adsorbent as a result of intermolecular forces. Itis

Volatile organic compounds (VOCs) are among the key used for effluents from vents and storage tanks, although it
pollutants emitted into the atmosphere that cause outdoorcan also be used in connection with other emission sources.
air pollution. They are organic compounds that may undergo To extend the lifetime of the adsorbent, VOCs are readily
photochemical reactions with nitrogen oxides in the presencedesorbed without a change in chemical composition and re-
of sunlight, yielding even more hazardous compounds. Pho-covered for reuse or disposal. Activated carbon, silica gel,
tochemical smog and ozone depletion in the stratosphere aralumina and zeolitic materials are the most common adsor-
results of VOCs activity. bents for VOCs abatement.

One of the challenges of the Clean Air Act Amendments  Granular-activated carbon is the most common type of
(CAAA) is the search for efficient and economical VOCs carbon adsorbent because of its large surface area and ef-
control strategies. Reduction of VOCs concentration to de- ficient VOCs recovery. Studies of adsorption of alkanes on
sirable levels can be accomplished by destructive and non-graphite powders and carbon blacks have been repfi}ed
destructive methods. Destructive methods involve oxidation Alumina has been employed in adsorptive processes such as
reactions of VOCs to yield non-hazardous chemical species.temperature swing adsorption (TSA) and pressure swing ad-
Non-destructive methods are of physical nature and include sorption (PSA), mainly to pretreat air streaf2f Adsorption
adsorption, absorption, condensation and membrane separasf hydrocarbons ory-Al,03 has been extensively reported
tions (usually pervaporation). [3-7].

Zeolites have attracted a great interest due to their catalytic
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as 13X zeolite (also known as NaX) have been used forhydro-  Solutes employed in adsorption studies were pentane,
carbon adsorptiof8,9], and more recently, molecular sieves hexane, heptane and octane from Fluka (>99.5% pu-
of 5 Atype (CaA) were also propos§iD,11] In spite of this, rity), and cyclohexene, cycloheptane, benzene, chloro-
there are not systematic studies comparing the performancegorm, trichloroethylene and tetrachloroethylene from Panreac
of activated carbons, alumina and zeolites for the adsorption (>99% purity). Helium (>99.9995% purity) was supplied by
of VOCs. Air Liquide.

Gas-solid chromatography has been used for many years
to study adsorption and catalytic reactions with some ad- 2.2. Apparatus and procedure
vantages with respect to static methods. When its goal is the
characterization of the stationary phase, instead of the separa- Chromatographic measurements were carried out with a
tion of solutes in the mobile phase, the technique is known asVarian 3800 gas chromatograph with a thermal conductivity
inverse gas chromatography (IGC). IGC measurements candetector. The adsorbent was placed into a 30 cm length of
provide information on thermodynamic, surface energy, re- Supelco Premium grade 304 stainless steel column, with
action kinetics, and textural parameters (such as surface arepassivated inner walls and an inside diameter of 5.3 mm
and porosity). IGC has been widely utilized to study syn- (o.d. 1/4in.). In order to obtain homogeneous packing, the
thetic and biological polymers, copolymers, polymer blends, adsorbent (40/60 mesh) was introduced in small quantities,
adsorbent§l2,13], foods[14], carbon black§l5] and fibers accompanied by mechanical vibration, and the two ends
[16]. of the column were then plugged with silane-treated glass

In the present work, IGC is used to study thermodynamics wool. The adsorbent loading used in this work were 4.3 g of
of adsorption of several groups of VOCs: hydrocarbons (pen- Al,0z, 0.6 g of zeolites 13X and 5A and 0.3 g of activated
tane, hexane, heptane and octane), cyclic compounds (cycloearbon. The columns were then stabilized on the GC system
hexene and cycloheptane), aromatic compounds (benzeneat 200°C overnight under a helium flow rate of 30 mL/min.
and chlorinated compounds (chloroform, trichloroethylene In order to avoid detector contamination, the outlet of the
and tetrachloroethylene) on four adsorbents: alumina, acti-column was not connected to the detector during this period.
vated carbon and molecular sieves 13X and 5 A. Furthermore, Measurements were carried out in the temperature range
the influence of the adsorption on the external surface, as wellof 200-270°C. Helium was used as carrier gas, and flow
as the diffusion of molecules within the bulk of material and rates were measured using a calibrated soap bubble flowme-
the surface acidity on adsorption parameters are also reportedter. In order to meet the requirement of adsorption at infinite
The objective of this study was to determine the basic ther- dilution [17], symmetry of the peaks and retention times re-
modynamic parameters for the adsorption of different kinds producible, amounts injected were in the range from 0.05 to
of VOCs over different types of adsorbents. Moreover, these 0.8u.L. For each measurement, at least three repeated injec-
parameters have been correlated with the properties of theseions were taken, obtaining reproducible results. Air was used
compounds, as well as with the physico-chemical properties as a marker for the retention time correction, and it was used
of the solids. to ensure the absence of dead volume when a new column

Furthermore, each group of VOCs, depending on their is placed in the chromatograph. From the evaluated retention
exact structure and on the functional groups present, can shovtime (tr, min) and flow-rate £, cn®/min) of the carrier gas,
a specific interaction on a given adsorbent. These parametershe retention volume\(z, cn) was calculated. The specific
have two distinct uses: some of them, suchAds,4s are retention volumey, (cm?/g) is given as:
needed in the design of adsorption units, whereas the more
specific parameters are useful predicting the performance ofy, _ Fj (R — tw) (po _ p‘”) ( T > (2)
these adsorbents in the adsorption of other compounds, as m Do r

well as gaining a general understanding of the adsorption,herety is the retention time (min}y the retention time of

process. non-adsorbing marker (hold up timg), the outlet column
pressurep; the inlet pressuregy,, the vapor pressure of water
at the flowmeter temperature (P&}he column temperature,
Tmeter the ambient temperature (K), apthe James—Martin
compressibility factor defined as:

.3 (pi/po)*—1
The adsorbents used wefeAl,03 (BASF), zeolites 13X /= 5 m
and 5A (Alltech) and activated carbon GF 40 (kindly sup-
plied by Norit, The Netherlands). The activated carbon was In addition to chromatography, adsorbents were also char-
chemically activated using the phosphoric acid process. Alu- acterized by other technigues. The surface area of the ad-
mina and activated carbon, available in pellets, were crushedsorbents was determined by nitrogen adsorption36°C

and the fraction between 40/60 mesh was selected. Both comwith the surface analyser, Micromeritics ASAP-2000 instru-
mercial zeolites were available in the interval 40/60 mesh. ment, considering a value of 0.164 fifior the cross-section

Tmete

2. Experimental

2.1. Materials
2
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of the nitrogen molecule. Acidity strength studies were car- 0.15
ried out in a Micromeritics TPD-2900 apparatus connected

to a Glaslab 300 mass spectrometer. For this purpose, 0.259 =
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

—e—alumina
—8—zeolite 13X
—2—zeolite 5A

—— activated carbon

°
N
L

Pore volume (cm®/g

rate of 50 crd/min. 0.05
3. Results and discussion 0 Aol Qe-tie- oin—aCa e 040 51

1 10 100
3.1. Textural characterization of adsorbents Pore diameter (nm)

| btained f h Vi Fig. 1. Pore size distribution calculated from nitrogen adsorption isotherms
Surface area and pore volume, O tained from the ana ySISby the BJH method.

of the desorption branch of the nitrogen isotherm using the
BJH (Barrett—-Joyner—Halenda), are representethisle 1 specific retention volumes change with carrier gas flowrate
Specific surface area of alumina is obtained by BET method at 250°C for no-aliphatic solutes, as shownhig. 2
widely used. However, it presents serious limitations whenit ~ For alkanes (C5-C8) no influence in retention volume was
is employed to microporous materials characterization, suchobserved, neither for zeolite 13X nor zeolite 5 A, this effect
zeolites and activated carbon. BET method is based on mul-was observed for the rest of compounds, especially for aro-
tilayer adsorption, as takes places in mesoporous materialsmatic ones (benzene). The increase in retention volume with
whereas microporous ones are characterized by monolayethe decrease of carrier gas flow rate is due to the increas-
adsorption, so Langmuir method will be more recommend- ing contribution of molecular diffusion. When the flow rate
able for zeolites and activated carbon. is high enough and does not affect the retention volume, it
Zeolite 5 A differs from the other adsorbents because it is considered that the probe diffusion within the particles is
has lower volume of mesopores, whereas zeolite 13X has asuppressed and thg, value is the contribution of the sur-
higher ratio mesopores to micropores. The higher total poreface adsorption of the molecule. Similar results were also
volume observed for activated carbon, if compared with zeo- obtained by Xie et a[12] in the case of zeolite NaX, and by
lites, corresponds with a narrower pore size distribution and Mukhopadhyay and Schreibft8] and Quin and Schreiber

a larger specific surface area, as shdwmn 1 [19] in the case of polymers at higher temperatures than the
glass transition.
3.2. Diffusion of probe molecules in adsorbents In order to diffuse through adsorbent particles, the so-

lutes must be adsorbed first on the accessible surface and the

In order to measure specific interactions of adsorbates withmore strongly adsorbed molecules have more time for diffu-
surfaces, the contribution of molecules adsorption on the ex- sion into the microporefl 2]. Since the interaction between
ternal surface and molecules diffusion within the bulk of ma- the molecules and particle surface is important for internal
terial have been discussed in the literafi® 19] These au-  diffusion, the molecular dimensions and structure of adsor-
thors have demonstrated that by changing the carrier gas flonbates are outstanding in diffusional effect in adsorbents. Both
rate, and thus changing the contact time between adsorbatérom Fig. 2 for zeolite 13X and those for the rest of adsor-
and adsorbent, it is possible to separate the surface adsorp-

tion contribution from the total retention data. No apparent 6000
variation of the retention volume for the different solutes was 12532:22?2&
detected for alumina and activated carbon when the carrier ——chloroform
gas flowrate was varied. Results for zeolite 13X indicate that 4000 ﬁ:;f;';l‘j’;i':;zne
@ —o—benzene
Table 1 75'
Specific surface area and pore volume of alumina, zeolites 13X and 5A and >
activated carbon > 2000 -
S(m?/g) V (cmP/g)

Mesopores Micropores % N R
Al,03 20% 0.445 - 0 ﬁkﬁ—ﬁ—g
Zeolite 13X 578 0.165 0.170 y y y

) 20 40 60 80 100
Zeolite 5A 550 0.062 0.176 F (mL/min)
Activated carbon 1340 0.294 0.174
% Specific surface area obtained by BET method. Fig. 2. The dependence of specific retention volume with carrier gas flow

b Specific surface area obtained by Langmuir method. rate at 250C, on zeolite 13X.
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o

Adsorption enthalpiesAHaq9, were obtained from the slope
of plots of InVy versus 1T (Fig. 3), and results are summa-
rized inTable 2

For all adsorbents the adsorption enthalpynedlkanes

()
o
® increases with the carbon number. Benzene exhibits more
\\ negativeAHaqsthan cyclic hydrocarbons and aliphatic and

'
)]
1

N
=)
1

alicyclic hydrocarbons with the same carbon number, i.e. hex-
ane and cyclohexane. High valuesidfl,4s indicate a strong
adsorbate—adsorbent interaction, and hence solutes interac-
-25 1 tions with zeolites and activated carbon were found to be
stronger than those on alumina. Similar results were found by
Baumgarten et al4] and Bravo et a[5] for the aluminawhen
cyclohexane, benzene an<hexane adsorption was studied.
Also, similar results were found by Bilgiand Agkin [11]
Fig. 3. The determination of adsorption enthalpies of probes on alumina: for zeolite 5 A andnel et a'l.[9] for Zeqllte 13X. For chiori-
pentane ®), hexane (), heptane &) and octanex). nated compounds on zeolites and activated carbon the adsorp-
tion enthalpy increases with molecular size, as: chloroform
bents under study, 50 mL/min was found to be the proper < trichloroethylene < tetrachloroethylene. Alumina, shows a
carrier gas flow rate for cyclohexene, cycloheptane, benzenedifferent behavior. Furthermore, it can be seen that the values
trichloroethylene and tetraethylene over zeolite 13X, whereasof AHagsare lower (superior in absolute value) to those for
for chloroform and alkanes in the case of the same zeolite 13X heats of liquefaction of these compoundialgle 2. This im-
and for all the compounds studied for the others adsorbents plies that the enthalpies of adsorption measured are not only

- RInVy JmolK™
&

N}
S
X

-30 T T T
1.8 1.85 1.9 1.95 2 2.05 2.1 2.15

10%T, K™

at 30 mL/min have reached constafat due to the heat of condensation of the compounds onto the
surface, but also to physico-chemical interactions between
3.3. Adsorption parameters solutes and adsorbents, i.e. the adsorbate—adsorbent interac-

tions are preponderant for the initial experimental conditions
In this study, thermodynamic parameters for adsorption and that the adsorbate—adsorbate interactions are negligible.
of hydrocarbons (C5-C8), cyclic compounds (cyclohex- It must be taken into account that accessibility to the
ene and cycloheptane), aromatic compounds (benzene), andhicroporous network can be assessed by using molecules
chlorinated ones (chloroform, trichloroethylene and tetra- With similar chemical interaction but with different molecu-
chloroethylene) on alumina, activated carbon and molecular!ar size. In addition, surface chemistry may be assessed us-
sieves 13X and 5A were determined in the infinite dilution ing molecules with different polarity, acid—base properties,
region, in the so-called Henry’s law region. These solutes €tc.; i.e. with different specific interactions with adsorbent
have been chosen in order to analyze the pollutant behavioursurface. Alumina and activated carbon do not possess an or-
in adsorption, as well as the influence of molecular structure dered crystal structure and consequently the pores are not
in these phenomena. uniform. Hence, all molecular species, with the possible ex-
Thermodynamic data describing the adsorption processception of high-molecular mass polymeric compounds, may
were derived from the temperature dependence of the specifi€€nter the porefl1]. The molecular sieves 13X and 5 A have
retention volume. At low surface coverage, the corresponding small pores, with uniform free aperture diameter sizes 0f 0.75

enthalpy is given bfq. (3) and 0.44 nm, respectively, which are determined by the unit
| structure of the crystdR3]. In the case of zeolite 13X, so-

AHags= —R o(In Vo) 3) lutes can be sorbed into the cavity. Pores of zeolite 5 A cannot

a(1/7) be invaded by the studied molecules. These molecules may
Table 2
Adsorption enthalpies (kJ/mol) and solute liquefaction heats for the compounds studied over the different adsorbents

Alumina Zeolite 13X Zeolite 5A Activated carbon AHiig (kJ/mol)

Pentane 2847 -41.25 ~52.96 —4801 —24.3[20]
Hexane —3181 —49.28 -57.97 —55.43 —27.2[20]
Heptane —3833 -55.19 —63.09 —66.22 —31.7[20]
Octane —4145 —63.62 —69.61 —7752 —36.6[20]
Cyclohexane —3388 —4556 —-39.71 —4810 —29.97[21]
Cycloheptane —4345 —52.80 —4353 —50.64 —38.5[22]
Benzene —4240 —56.92 -58.87 —-58.09 —33.92[21]
Chloroform —40.56 —49.68 —44.00 —-5061 —31.4[21]
Trichloroethylene —34.68 —52.04 —44.84 —5128 —34.62[21]

Tetrachloroethylene —3859 —-5311 —4591 —59.35 —34.68[21]
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Table 3 16
Standard free energg Gads(kJd/mol), for listed compounds with adsorbents
under study at 250C

Alumina  Zeolite  Zeolite Activated 12 1

13X 5A carbon g

Pentane —-3.74 —1548 —2593 —15.90 i 8
Hexane —6.35 —2041 —26.88 —20.90 -
Heptane —8.75 —24.57 —-3205 —25.88 2
Octane -1099  -2885 3711  —31.26 Lo
Cyclohexane —-5.78 —1844 —8.23 —19.00
Cycloheptane —8.90 —2363 —15.55 —19.43
Benzene —-1041 —25.78 —27.75 —24.46 0
Chloroform -1.17 -1979  —-1891 -15.34 - ’ ) -
Trichloroethylene 836  -2015 1983 -18.84 4 5 6 7 8 9
Tetrachloroethylene  —8.90 —22.80 —20.69 —-23.21 Number of carbon atoms

. . Fig. 4. The free energy of different probe adsorptions on alumina at different
still be adsorbed on the external surface, which correspondsiemperatures: 20@c (®), 230°C (), 250°C (a) and 270°C (x).

to the zone of mesoporosity, so values of enthalpy of adsorp-

tion are higher for zeolite 13X than for zeolite 5 A. Benzene may be calculated frorf20]:

shows slightly higher values, which can be attributed to the v

interaction of ther-electrons with the exchangeable cations AGch, = —RTIn Vo) (6)
(sodium in the case of zeolite 13X and calcium in the case of Vo(u+1)

zeolite 5 A). It is remarkable the importance of the shape of whereVy , andVy 1 are the specific retention volumes of
pores in the solids: slit-shaped in activated carbons, cylindri- 4y consecutive-alkanes havingand 1+ 1) carbon atoms

cal in zeolites and U-shaped in alumina. When studying acti- respectivelyAGcn, is independent of the chosen reference
vated carbons, the minimum dimension of benzene istaken asiate of adsorbed molecul24]. The slopes of linear func-

0.37 nm, which corresponds to the width of its flat structure; jons given inFig. 4represent the increment inG .

thus, benzene can enter slit-shaped pores wider then 0.37nM.  aA¢'in the case of the free energy of adsorption, the surface
But it can no go through cylindrical pores with this diameter. qa energy of the adsorbentg (J/m?), may be split into

In this case, its minimum dimension is taken as 0.57 nm, the dispersionyg, and specific;/SS, contributions, corresponding

distance between two opposite carbon-carbon b{fg}s to the dispersion and specific interactions, respectij@gy.
From chromatographic data, the standard free energy of
adsorption at infinite dilutionAGggs (J/mol), can be ex-  ys= y§~|— yg @)

ressed afl1,24,25 . . Lo o
P = ] The dispersive component, intrinsic and unspecific for all

AGags= —RTIn [P()Ag] 4) molecules, is due to London forces and is given by:
T
i ival tfo 24,26} o _ 1Al 8)
or in an equivalent for ,26] Vs = 3% o
q S 4 VCHZNZQ%HZ

whereN is the Avogadro numbetch,is the area occupied
whereA is the specific surface area, amglis the spreading by a—CH, group (0.06 nrf), andyCHz(mJ/rT?) is the surface
pressure of the adsorbed gas in the De Boer standard stategension of a surface consisting of @lgroups, which is a
which was taken as 338N/m [27]. The parametelC, is a function of temperature’C):
constant related to the standard states. Data@fysfor the
solute—sorbent systems calculated filbqn (4) at 250°C, are ~ Ych = 356+ 0.058(20—T7) )
given inTabI_e 3 The free energy of adsorption foralkanes Table 4Sh0WSyISD values, calculated frorq. (8) they de-
increases with the carbon number and follows the same trendC
as the adsorption enthalpies.

For a given adsorbate, the free energy of adsorption is the
sum of energies of adsorption attributed to dispersive and Table 4
specific interactions. The standard free energy of adsorptionDispersive component of surface energ, (mJ/nt)

rease as temperature increases in all cases. Valupg of

takes into account the standard free energy of adsorption ofAadsorbent Alumina Zeolite Zeolite Activated
polar solutes on solid surfaces, namely, the dispersive con- 13X 5A carbon
tribution, Angg and the specific contributiomy G3 ;. [28]. 200°C 593 1549 242.0 230.3
For n-alkanesA Gadgs= AGY,and changes with the number  230°C 567 1531 2411 224.5

of carbon atoms in their molecules, the increment of adsorp- 3380(: 501 1523 232.6 218.7

. . c 446 1503 226.9 210.1
tion energy corresponding to methylene grofg;cn,, and
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300 Table 5
1P (mJ/n?) values determined on alumina, zeolite 13X, zeolite 5A and
activated carbon
. Zeolite 5A 2
: = Samples 200C 230°C 250°C 270°C
200 ,
< Activated _ Alumina
£ carbon Zeolite 13X Cyclohexane 28 161 155 135
= e Cycloheptane 23 201 189 178
o Benzene 68 635 595 555
& 100 - Alumina Chloroform 163 115 4.7 0.4
Trichloroethylene 5@ 521 495 478
; Tetrachloroethylene 48 387 367 353
Zeolite 13X
0 T T T T T Cyclohexane 19 181 155 138
0 1 2 3 4 5 6 Cycloheptane 25 247 231 213
average pore diameter (nm) Benzene R 931 888 842
Chloroform 246 203 111 5.2
Fig. 5. Dependence o,fg (mJ/n?) on average pore diameter at different 1r|::hlor:?ethytlsnle 65§ 2‘;’3 2;5 igg
temperatures: 200C (@) and 270°C (OJ). etrachioroethylene :
for zeolites and activated carb higher than those ob-~2o< >4
or zeo ites an actlva_te carbon are higher than those ob-~ ¢ ¢ ohexane 89 673 581 526
tained for the adsorption of the same compound on poly-  cycloheptane 108 912 799 376
mer surfaces;~60 mJ/n? [25] or compounds such as theo- Benzene 139 916 763 528
phylline and caffeine~50 mJ/n? [30]. These high values Ch'?]flomfmh | 260; 223 122 21;
f S can r high interaction potential in the ~ Trchioroethylene - > . !
of y5 ca be attributed to a high interaction potential in the Tetrachloroethylene o3 627 429 176
micropores. _
Fig. 5is a plot of 2 as a function of the average micro- Ac(t:"’a:eg carbon lea 1682 1563 a1
. yclohexane
pores c_ilameter.of the adsorbgnts. It decreasgs as thg average y \ohentane 218 1978 1882 1749
pore diameter increases, which shows the interactions are pgenzene 163 1511 1418 1249
stronger in the micropores. Several authors have reported the chloroform 1325 1214 1093 905
high values of the dispersive component for activated carbons  Trichloroethylene 162 1484 1389 1223
Tetrachloroethylene 148 1218 1121 1059

[20,31]and clayq26].
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 thahedlkanes.

The specific component of the surface free energy is
closely related with the parameter of specific interaction of
polar soluteslfP). 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,A(AG), between a polar solute and the real or hy-
potheticah-alkane with the same surface af28] or boiling
point, Tp, [32].

_ A(AG)
- Nap

°P (10)

whereay is the probe surface area. In the present wagks
calculated from the liquid density, and the molar weight

of the moleculeM, assuming a spherical molecular shape in
a hexagonal close-packed configuratida].

M

2/3
V)

P

ap = 1.09 x 1014< (11)

The specific interaction parametedSP, calculated from
Eq. (10) for the four adsorbents, are listed Trable 5 It

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 highét® than cyclohexane with all the
adsorbents. Furthermori?P is higher for the aromatic ring
(benzene) than for cycloalkanes, except with activated car-
bon as sorbent. For the three chlorinated solul&sde-
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 (1.78D 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 paramét&with the
molecular area of the probe molecules, calculated according
to Eqg. (11) is depicted inFig. 6. In a previous work34],
it was observed that the calculation of this parameter based
on molecular area was more reliable than if based on boiling
points. Itis noted that, in general, influence of temperature is
not outstanding. Furthermore, there is not a strong influence
of temperature of*P and it does not vary consistently with
molecular area, which means that the pores diameter is not
the key factor in polar interactions.
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80 120
benzene a benzgene
&< < i
g a tetrachloroethylene g 80
E 40 A trichloroethylene _E’ g tetrachloroethylene
: cyclohexane ~ trichloroethylene Q
o _ chloroform ) [ 8'_ 40 1 chioroform cycloheptane
Q cyclohexane
. ¥ . 2 2
cycloheptane A
A
0 : : 0 = : :
0.26 0.31 0.36 0.41 0.26 0.31 0.36 0.41
(a) a (nm?) (b) a (nm?
160 250
[ ]
120 - benzene cycloheptane 210 4 [ ]
NE [ ] <O ° ?
S = . O £ 170 . X
E 80 4 A tetrachloroethylene A e Q
~ [ ] ) a € ? X
a 2 Y — 130 - ] %
@ o [m] [m]
40 4  chloroform cyclohexane X - 4 *
| X 90 4 X
trichloroethylene
0 - T 50 . .
026 031 0.36 041 0.26 0.31 0.36 0.41
2
(c) a (nm?) (d) a (nm?)

Fig. 6. 1P dependence on area molecules at different temperature$(2@), 230°C (), 250°C (a) and 270°C (x)] for: (a) alumina, (b) zeolite 13X, (c)

zeolite 5 A and (d) activated carbon.

3.5. Influence of sorbent acidity on adsorption

, o 05 15 25
Chromatographic data may supply some insight about the 0 . .
influence of sorbent acidity on its adsorption capacity. Alu-
mina, as well as zeolites, has both acid and basic properties. 504 Alumina
Fig. 7 shows TPD spectra for zeolites 13X and 5A and alu- 3 Zeolite 13X
mina. _E, Zeolite SA
. . . . . = _40 4
According to the literature, three kinds of acid sites may be 7 40
considered, depending on the desorption temperature: weakZ ‘_E’:ﬁe”‘a"e
. Xan!
(Tp < 250°C), medium (250C < Tp < 400°C) and strong -60 4 _‘_h:pta:e
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