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bstract

Catalysts containing rhodium (Rh) were prepared by the wet impregnation method using H-�-zeolite as support. Retention time of three n-alkanes
C5–C7), cyclohexane, benzene, trichloroethylene and tetrachloroethylene on the Rh/H-�-zeolite catalysts (0.5–2.0 wt% of Rh) and H-�-zeolite were
easured by inverse gas chromatography (IGC) in the 473.2–513.2 K temperature range. Standard free energy of adsorption, dispersive component

f surface free energy of adsorbent and specific interaction parameters between polar probes and catalysts were evaluated. The results indicate

hat the adsorption characteristics of H-�-zeolite can be modified by rhodium. Surface area, enthalpy of adsorption and dispersive component of
urface free energy decrease after the impregnation of rhodium. Besides, it was found that rhodium dispersed in the framework of H-�-zeolite had
pecial adsorption for benzene which may be useful for making catalysts for certain reactions involving benzene in the future.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Up to now, rhodium-containing catalysts play a very impor-
ant role in industrial processes [1–3]. One of the important
pplications is to clean up pollutants. For example, rhodium
s used in the manufacture of automobile catalytic converts [4].
t is an active catalyst for oxidations of ammonia and carbon
onoxide and the elimination of nitric oxide [5,6]. Rh/Al2O3

nd Rh/H-BEA were successfully used for synthesis of gas from
O2 reforming of methane [7–9]. Beta zeolite was reported

o be a promising catalyst in most literatures, because it pos-
esses relatively high density of Brønsted acid sites and favorable

ore structure [10–12]. Zeolite is also a suitable support for
oble metals or metal oxides due to their open structure and ion
xchange capacities in heterogeneous catalysts. There have been
everal studies on the adsorption properties of zeolite and metal

∗ Corresponding author. Tel.: +86 21 6564 3891; fax: +86 21 6564 0293.
E-mail address: qgdu@fudan.edu.cn (Q. Du).
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oaded zeolite [13], but to our knowledge there are no detailed
tudies on the adsorption parameters of H-�-zeolite supported
hodium catalysts.

Gas–solid chromatography has been used for many years
o study adsorption and catalytic reactions with some advan-
ages with respect to static methods [14]. In contrast to
onventional gas chromatography, inverse gas chromatography
IGC) has the stationary phase of the system as the object of
nterest while the vapor of materials of known properties as
robes. IGC measurement can provide information on ther-
odynamic parameters, surface energy, reaction kinetics, and

extural parameters such as surface area and porosity. It is a
ast and easily controlled method. IGC has been widely utilized
o study synthetic and biological polymers [15], copolymers
16], polymer blends [17], adsorbents [18], foods [19], car-
on blacks [20], fibers [21], clays [22], and catalysts [23–31].
n recent years, Diaz et al. [14,25–29,31] reported numerous

tudies on the surface of catalysts using inverse gas chro-
atography. Probably the main drawback of the method is that

GC only provides physicochemical properties of the stationary
tatistically independent of time. It ignores the heterogeneity

mailto:qgdu@fudan.edu.cn
dx.doi.org/10.1016/j.cej.2007.05.020
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f the adsorbing solid surface [32]. Time-resolved gas chro-
atography was invented to overcome these difficulties. The

esults of reversed-flow gas chromatography (RF-GC) do not
eed extrapolation to infinite dilution and zero carrier gas
ow-rate to approximate true physicochemical parameters [33].
F-GC permitted a direct determination of catalytic reaction

ate constants, adsorption–adsorption rate constants, gas and sur-
ace diffusion coefficients, adsorption isotherm parameters, etc.
32–35]

In the present work, the surface properties of H-�-zeolite
nd Rh/H-�-zeolite, the heat of adsorption, the free energy
f adsorption, the surface free energy, as well as their spe-
ific and dispersive components, were investigated by IGC.
he chromatographic data should provide information on the

nteraction between the sorbed molecules and the catalyst or
he support, and lead to insight on the catalytic behavior of
hodium.

. Experimental

.1. Catalyst preparation

Five grams of H-�-zeolite (n(Si)/n(Al) = 12.5, Nankai
niversity) was impregnated with appropriate volume of
hCl3·3H2O (98%, Aldrich) solution (0.1 mol L−1) to prepare

he catalyst containing Rh by the incipient wet impregnation
ethod [36]. After drying under an infrared lamp, the catalysts
ere calcined at 573 K in air with a flow rate of 100 cm3 min−1

or 30 min and then reduced at 773 K in H2 with a flow rate of
0 cm3 min−1 for 60 min.

.2. Surface area measurement

The surface area of adsorbents was measured using
2 physisorption at 77 K. Prior to measurement, sam-
les were transferred to the glass adsorption tube and
ere degassed at 383 K under ultrapure nitrogen flow for
.0 h. The nitrogen adsorption–desorption isotherms were
cquired on the Micromeritics Tristar 3000 apparatus. The
ore volume was calculated from the so-called t-plot.
he surface area was calculated from Langmuir desorption

sotherms.

.3. Transmission electron microscopy (TEM)

The structure of the four samples was detected with trans-
ission electron microscopy (TEM). The investigations were

erformed on a JEOL JEM-2010 microscope. The samples
or TEM were prepared by adding 1–2 drops of solu-
ion of the catalyst in ethanol onto lacey carbon copper
rids.

.4. The X-ray powder diffraction (XRD)
The crystalline structure of catalysts was determined by X-
ay powder diffraction (XRD). The XRD patterns of samples
ere recorded on an X′ Pert PRO (PANalytical) diffractometer

o
d

g Journal 137 (2008) 579–586

t room temperature with Cu K� radiation. XRD diagrams were
btained in the range of 2θ = 10–50◦ by step scanning with a
tep size of 0.017◦.

.5. IGC apparatus and procedure

The chromatographic experiments were performed with a
C112A gas chromatography equipped with a flame ioniza-

ion detector. Retention times were recorded on a workstation
2000.
High purity nitrogen was used as the carrier gas with a flow

ate of about 28 mL min−1. The flow rate of the carrier gas was
easured with a soap bubble flowmeter and was corrected using

ames–Martin factor for pressure drop and temperature change
n the column.

The adsorbates (probes) used were n-pentane, n-hexane,
-heptane, cyclohexane, trichloroethylene, tetrachloroethylene,
nd benzene. The probes of analytical reagent grade were pur-
hased from Shanghai Chemical Reagents Company and used
ithout further purification.
Samples were compacted into wafers using a press at

0 tonnes pressure. Then the pressed wafers were crumbled
nd sieved to obtain the powdery aggregates of 60–80 mesh
n size. A stainless steel column (30 cm long, 2 mm i.d.)
leaned with methanol and acetone was used in this work.
he column was filled with 0.2 g (ca.) of the resulting pow-
er with the aid of vacuum and mechanical vibration. The
wo ends of the column were plugged with silane-treated glass
ool. The column was then stabilized on the GC system at
13.2 K overnight under a nitrogen flow of 28 mL min−1. In
rder to avoid detector contamination, the outlet of the col-
mn was not connected to the detector during this treatment
eriod.

Measurements were carried out in the temperature range
rom 473.2 to 513.2 K. In order to meet the requirement of
dsorption at infinite dilution, corresponding to zero coverage
nd GC linearity, the probes were introduced into the column
sing a 1 �L syringe and the injected vapor volumes were lower
han 0.1 �L. Therefore, any solute–solute interaction can be
eglected and the retention on the solid surface is only governed
y solid–probe interactions. For each measurement, at least three
epeated injections were made to obtain reproducible results.

ethane was used as a marker for the retention-time correction,
hich was used to ensure the absence of dead volume when a
ew column was placed in the chromatography. The net reten-
ion volume, VN, can be calculated from the measured retention
ime tR.

. Calculations

.1. Standard free energy of adsorption: specific and
ispersive components
At infinite dilution, the standard free energy to transfer 1 mol
f adsorbate from the gas phase to the surface at standard state,
efined as the variation in the standard free energy of adsorption,
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Gads (J mol−1), is given by the following equation:

Gads = −RTC ln
Ksps,g

πs
(1)

here Ks is the surface partition coefficient, ps,g the adsorbate
apor pressure in the gaseous standard state and πs is the vapor
ressure at equilibrium with the standard adsorption state (the
e Boer standard state).
For surface adsorption,

N = KsA (2)

= mS (3)

Then �Gads can be expressed as

Gads = −RTC ln
VNps,g

πsmS
(4)

here R is the gas constant, A the specific surface area, m the
ass of adsorbent in the column and S is the specific surface

rea of adsorbent. The standard reference states were taken as
s,g = 101 kN m−2 (1 atm) and πs = 0.338 mN m−1, the value of
he latter was proposed by De Boer [37].

For a given adsorbate, the surface free energy, �Gads
J mol−1), is the sum of energies of adsorption attributed to
ispersive, �GD

ads, and specific, �GS
ads, interactions.

For n-alkanes �Gads = �GD
ads, the increment of adsorption

nergy corresponding to methylene group, �GCH2 , can be cal-
ulated from

GCH2 = −RTC ln
VN(n)

VN(n+1)
(5)

here VN(n) and VN(n+1) are the retention volume of n-alkanes
ith (n) and (n + 1) carbon atoms, respectively.
The surface free energy of the adsorbent, γS, may be split

nto dispersion,γD
S , and specific, γS

S , contributions:

S = γD
S + γS

S (6)

The dispersive component of the surface energy (γD
S ), intrin-

ic and unspecific for all molecules, is due to London forces. It

s given by the following equation:

D
S = 1

4

�G2
CH2

γCH2N
2a2

CH2

(7)

t

�

Fig. 1. TEM images of 0.5% Rh/H-�-zeolite (a), 1.0%
g Journal 137 (2008) 579–586 581

here N is the Avogadro’s number, aCH2 the cross sectional area
ccupied by a CH2 group (0.06 nm2), and γCH2 (mJ m−2) is
he surface tension of a surface consisting of CH2 groups, which
as the following expression:

CH2 = 35.6 + 0.058(20 − TC) (8)

The specific component of the surface free energy is closely
elated to the parameter of specific interaction of polar solutes
SP. This parameter involves the surface properties in terms of
otential and acid–base interactions and may be determined
rom the difference of free energy of adsorption, �(�G),
etween a polar solute and the real or hypothetical n-alkane
ith the same cross-section surface area [24] or boiling point,
b [38], as shown in the following equation:

SP = Δ(�G)

Nap
(9)

here ap is the cross sectional area of the polar probe. In this
ork, ap is calculated from the liquid density, ρ, and the molar
eight of the probe, M, assuming molecules of spherical shape

n a hexagonal close-packed configuration [31,38].

p = 1.09 × 1014
(

M

ρN

)2/3

(10)

Although this treatment is empirical, it enables the compari-
on of the specific interaction between the catalyst and the probe
olecule by means of a unified scale.

.2. Enthalpy of adsorption

The heat of adsorption �Hads can be calculated from
ibbs–Helmotz equation

∂(�Gads/TC)

∂TC
= −�Hads

T 2
C

= −R
d ln VN

dTC
(11)
hus

Hads = −R
∂(ln VN)

∂(1/TC)
(12)

Rh/H-�-zeolite (b) and 2.0% Rh/H-�-zeolite (c).
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Table 1
Specific surface area of catalysts

Sample SLangmuir (m2 g−1) Vmicro (cm3 g−1)

H-�-zeolite 675 0.192
0.5% Rh/H-�-zeolite 593 0.169
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Fig. 2. XRD patterns of H-�-zeolite and Rh/H-�-zeolite.

. Results and discussion

.1. Catalysts characterization

Fig. 1 shows the transmission electron microscopy (TEM)
mages of H-�-zeolite and the Rh loaded H-�-zeolite. It is
otable that for the H-�-zeolite loaded with 2.0% rhodium, there
re uniform nanoparticles with about 2 nm average diameter and
hese nanoparticles distribute evenly in the zeolite framework.
he nanoparticles are different from zeolite in nature and it is
uggested that they are rhodium metal particles. Except for the
-�-zeolite loaded with 2.0% rhodium, there is no visible pres-

nce of particles under TEM and it is suggested that the rhodium
etal is dispersed uniformly in the zeolite framework in much

maller size. From the pictures it also can be observed that the
mpregnation of metal did not significantly affect the shape of

he parent zeolite.

The X-ray diffraction patterns of H-�-zeolite-supported
hodium catalysts are shown in Fig. 2 alongside the pattern
f pure H-�-zeolite. The high-intensity line (2θ = 22.7◦) is

R
p
s

ig. 3. Influence of carrier gas flow rate on the retention volume at 473.2 K for pentane
.0% Rh/H-�-zeolite 618 0.174

.0% Rh/H-�-zeolite 553 0.157

ttributed to zeolite beta. It can be seen from the figure that all
amples exhibit the typical diffractograms of zeolite beta frame-
ork. The intensities of the zeolite lines decrease slightly with

he addition of Rh, indicating that the crystallinity of the zeolite
s decreasing when increasing Rh loading.

The surface area of catalysts obtained is shown in Table 1.
rom Table 1 it can be observed that the surface area decreases
lightly after the impregnation. The result proves that for
hodium loaded zeolite, there are metal particles in the zeolite
ramework and the metal particles block the micropores thus
ecrease the microporosity of the zeolites. Considering the inac-
uracy of the instruments, the sample of 0.5% Rh is level with
he sample of 1.0% Rh in the surface area and pore volume.
owever, the sample of 2.0% Rh shows much lower surface

rea and pore volume. This phenomenon can be attributed to
heir difference in the particle size. For the samples of 0.5% Rh
nd 1.0% Rh, the Rh particles are not large enough to block the
hannels of the zeolite. When Rh-loading reaches around 2.0%,
he nanoparticles are large enough to be visible under TEM and
lock the micropores greatly, thus decrease the surface area and
he pore volume obviously.

.2. Inverse gas chromatography

.2.1. Influence of the carrier gas flow rate on
easurements

In the measurement of the adsorption characteristics of both

h/H-�-zeolite and H-�-zeolite, it is important to separate the
robe adsorption on the external surface from the probe diffu-
ion within the bulk of the materials. It may be expected that for

(�), hexane (�), heptane(�) over: (A) 1% Rh/H-�-zeolite and (B) H-�-zeolite.
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icroporous materials, such as zeolites, this separation is neces-
ary. Mukhopadhyay and Schreiber [39] and Qin and Schreiber
40] have demonstrated that by changing the carrier gas flow rate
nd thus changing the contact time between adsorbate and adsor-
ent, it is possible to separate the surface adsorption contribution
rom the total retention datum.

The retention volume of alkanes is shown in Fig. 3 as a
unction of the carrier gas flow rate with 1% Rh/H-�-zeolite
nd H-�-zeolite as stationary phases at 473.2 K. It can be
bserved that the retention data were independent of the car-
ier gas flow rate in both instances, which indicates that the
easurements are not limited by diffusion effects. Accord-

ng to Fig. 3, a flow rate of 28 mL min−1 was chosen for this
tudy.

.2.2. Standard surface free energy
The standard free energies of adsorption are given in Table 2

alculated from Eq. (4). The decrease of adsorption free energy
ith the increase of temperature follows the van’t Hoff equation.
rom Table 2 it can be easily observed that the standard free
nergies of adsorption of benzene to zeolite increase greatly
hen rhodium is loaded onto zeolite. It also can be observed

rom the table that the standard free energies of adsorption of
-�-zeolite increased with the Rh loading. It may be caused
y the highly dispersive Rh metal particles. The unsaturated Rh
urface atoms are more active and contribute to the adsorption
f probes. While further increasing Rh loading to 2.0%, the
rowing size of metal particles started to be visible and blocked
he zeolite channels thus stopped the rising of free energies of
dsorption.

Dispersive component of surface free energy of adsorbent,
D
S , is calculated from Eq. (7) (Fig. 4). The dispersive interaction

ecreases as the temperature increases, which is attributed to the
ntropic contribution to the surface free energy. It is observed
hat most values of the dispersive component of surface free
nergy of Rh/H-�-zeolite are lower than those of H-�-zeolite

ig. 4. Dispersive interaction, γD
S , of catalysts as a function of temperature (H-

-zeolite (�), 0.5% Rh/H-�-zeolite (�), 1.0% Rh/H-�-zeolite (�) and 2.0%
h/H-�-zeolite (♦)).

t
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ig. 5. Specific interaction parameter based on ap, 1.0% Rh/H-�-zeolite at
93.2 K (n-alkanes (�), cyclohexane(�), benzene(×) and trichloroethylene(�)).

ver the temperature range examined. This can be ascribed
o the decrease of surface area of zeolite after loaded. From
ig. 4 it is also observed that the γD

S values of the surface free
nergy of Rh/H-�-zeolite vary slightly with the rhodium load-
ng. The γD

S values of H-�-zeolite and Rh/H-�-zeolite are a
ittle lower than those of zeolite 13X (154.9 mJ m−2 at 200 ◦C)
14], Al2O3 and Pd/Al2O3 [28] and NaX and CaA [26] observed
y Diaz.

The specific interaction parameter, ISP, can be evaluated from
q. (9) (Fig. 5). Table 3 shows ISP values of H-�-zeolite, 0.5,
.0 and 2.0 Rh/H-�-zeolite. It is notable that ISP of H-�-zeolite
o benzene increased greatly after rhodium was loaded onto H-
-zeolite.

The interaction between a solid substrate and probes is
ttributed to secondary bonding caused by both polar and non-
olar (dispersive) Van der Waals forces between adsorbent and
dsorbate. Fig. 4 reveales that the amount of Rh loading had
ery limited effect on the nonpolar forces between zeolite and
enzene, indicating that rhodium has special interaction with
enzene. The interaction of electrons between aromatic ring and
hodium probably intensifies the physicochemical adsorption of
enzene. And, like the standard free energy �Gads and disper-
ive component free energy γD

S , it is also observed that the ISP

alues of Rh/H-�-zeolite increase with the Rh loading. But the
SP values decrease when Rh loading reaches to 2.0%.

.2.3. Enthalpy of adsorption
Enthalpy of adsorption �Hads can be obtained from the slope

f the plot of R ln VN versus 1/T (Fig. 6), based on Eq. (12), and
he results are summarized in Table 4. The dependence of adsorp-
ion enthalpy on the size of probe molecule on H-�-zeolite and

.0% Rh/H-�-zeolite is shown in Fig. 6. Linear relationships
re observed. High �Hads value indicates a strong interaction
etween catalyst and adsorbate. It is observed that the adsorp-
ion enthalpy increases with the number of carbon atoms, due
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Table 2
Standard free energy of adsorption, −�Gads (kJ mol−1) for the probes on catalysts

Adsorbent/probe Temperature (K)

473.2 493.2 503.2 513.2

H-�-zeolite
Pentane 15.59(0.13) 14.17(0.12) 13.53(0.05) 12.73(0.06)
Hexane 21.04(0.05) 19.43(0.05) 18.70(0.04) 17.81(0.02)
Heptane 26.53(0.04) 24.64(0.02) 23.89(0.04) 22.98(0.05)
Cyclohexane 18.75(0.10) 17.32(0.01) 16.61(0.09) 15.91(0.02)
Trichloroethylene 16.59(0.03) 15.15(0.06) 14.42(0.12) 13.87(0.05)
Tetrachloroethylene 18.52(0.05) 17.13(0.04) 16.41(0.06) 15.83(0.03)
Benzene 18.31(0.10) 16.77(0.13) 16.20(0.14) 15.60(0.04)

0.5% Rh/H-�-zeolite
Pentane 18.28(0.08) 17.09(0.07) 16.36(0.12) 15.88(0.03)
Hexane 23.92(0.09) 22.38(0.01) 21.51(0.05) 21.06(0.03)
Heptane 29.44(0.04) 27.73(0.07) 26.89(0.04) 26.18(0.06)
Cyclohexane 21.04(0.06) 19.49(0.04) 18.78(0.05) 18.14(0.05)
Trichloroethylene 20.02(0.05) 18.76(0.05) 18.17(0.02) 17.75(0.01)
Tetrachloroethylene 22.08(0.09) 20.60(0.04) 19.90(0.05) 19.46(0.03)
Benzene 30.75(0.19) 30.22(0.12) 30.06(0.15) 29.74(0.20)

1.0% Rh/H-�-zeolite
Pentane 18.40(0.01) 16.89(0.03) 16.42(0.04) 15.69(0.06)
Hexane 23.92(0.04) 22.21(0.09) 21.66(0.16) 20.89(0.12)
Heptane 29.26(0.01) 27.49(0.01) 26.55(0.04) 26.01(0.12)
Cyclohexane 21.41(0.03) 19.72(0.01) 19.05(0.02) 18.42(0.04)
Trichloroethylene 20.07(0.01) 19.91(0.02) 19.10(0.04) 19.02(0.13)
Tetrachloroethylene 21.78(0.08) 21.33(0.04) 20.64(0.03) 20.03(0.07)
Benzene 32.35(0.14) 32.44(0.12) 32.09(0.10) 31.92(0.19)

2.0% Rh/H-�-zeolite
Pentane 16.63(0.09) 15.34(0.15) 14.63(0.05) 13.91(0.06)
Hexane 21.99(0.12) 20.65(0.03) 19.90(0.14) 19.23(0.19)
Heptane 27.16(0.04) 25.69(0.20) 24.68(0.04) 23.97(0.02)
Cyclohexane 19.18(0.12) 18.18(0.08) 17.45(0.03) 17.28(0.08)
Trichloroethylene 18.76(0.03) 17.46(0.16) 16.95(0.08) 16.21(0.07)

19.16
27.89

S

t
i
a
�
a

f

Tetrachloroethylene 20.33(0.04)
Benzene 29.88(0.40)

tandard deviations are given in parentheses.

o the increasing boiling point of the n-alkanes and the stronger

nteraction between the probe and the adsorbent surface. It is
lso observed that the adsorption enthalpies of n-alkanes on H-
-zeolite are higher than those on Rh/H-�-zeolite. It may be
ttributed to the Lewis acid sites in H-�-zeolite that are active

r
f
c
t

Fig. 6. Adsorption enthalpies (�Ha
(0.03) 18.55(0.08) 17.82(0.04)
(0.33) 27.06(0.29) 26.07(0.31)

or the adsorption of hydrocarbons. Similar observations were

eported in the literature [28]. In addition, it can be seen that,
or these compounds, the values of �Hads are higher than their
orresponding heat of liquefaction (Table 4). This implies that
he measured enthalpies of adsorption are not only from the

ds) of n-alkanes on catalysts.
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Table 3
ISP (mJ m−2) values determined for catalysts under study

Adsorbent/probe Temperature (K)

473.2 493.2 503.2 513.2

H-�-zeolite
Cyclohexane 22.9(0.5) 22.5(0.1) 22.1(0.4) 22.6(0.1)
Trichloroethylene 58.1(0.2) 55.7(0.3) 54.7(0.7) 55.6(0.3)
Tetrachloroethylene 44.2(0.3) 43.0(0.2) 42.4(0.3) 43.3(0.1)
Benzene 69.5(0.5) 66.4(0.7) 66.3(0.8) 66.9(0.4)

0.5% Rh/H-�-zeolite
Cyclohexane 21.1(0.3) 19.1(0.2) 19.3(0.2) 18.1(0.3)
Trichloroethylene 63.1(0.3) 60.3(0.3) 60.7(0.1) 59.7(0.1)
Tetrachloroethylene 43.4(0.4) 40.9(0.2) 41.0(0.3) 40.4(0.2)
Benzene 123.6(1.0) 125.7(0.7) 127.5(0.8) 127.0(1.1)

1.0% Rh/H-�-zeolite
Cyclohexane 22.0(0.2) 21.1(0.1) 19.5(0.1) 20.4(0.2)
Trichloroethylene 66.6(0.1) 67.4(0.1) 63.0(0.2) 67.7(0.7)
Tetrachloroethylene 45.5(0.4) 45.4(0.2) 43.0(0.1) 44.2(0.4)
Benzene 135.6(0.8) 137.7(0.7) 135.8(0.6) 140.0(1.0)

2.0% Rh/H-�-zeolite
Cyclohexane 19.6(0.5) 20.7(0.4) 20.3(0.2) 22.8(0.4)
Trichloroethylene 62.1(0.2) 61.1(0.9) 60.5(0.4) 60.4(0.4)
Tetrachloroethylene 41.4(0.2) 41.6(0.2) 41.2(0.4) 41.1(0.2)
Benzene 124.7(2.2) 119.9(1.8) 117.6(2.6) 116.1(1.7)

Standard deviations are given in parentheses.

Table 4
Adsorption enthalpies −�Hads (kJ mol−1) and solute liquefaction heats for the compounds studied over the different adsorbents

Probe H-�-zeolite 0.5% Rh/H-�-zeolite 1% Rh/H-�-zeolite 2% Rh/H-�-zeolite −�Hliq (kJ mol−1)

Pentane 49.1(0.999) 47.2(0.998) 50.0(0.999) 48.7(0.999) 24.3
Hexane 58.9(0.999) 58.7(0.997) 60.7(0.999) 54.8(0.999) 27.2
Heptane 68.2(0.999) 68.4(0.999) 68.8(0.999) 65.3(0.998) 31.7
Cyclohexane 52.4(0.999) 55.6(0.999) 54.7(0.999) 42.9(0.992) 29.97
Tricholorethylene 49.2(0.998) 47.3(0.997) 50.7(0.999) 48.5(0.999) 34.62
Tetrachloroethylene 50.7(0.999) 53.8(0.996) 56.9(0.999) 49.7(0.999) 34.68
B
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h
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a
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c
t
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t
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d
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c
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[

enzene 50.4(0.997) 42.3(0.999)

egression coefficients (R2) are given in parentheses.

eat of condensation of the compounds onto the surface, but
lso from physico-chemical interactions between probes and
dsorbents.

. Conclusion

Catalysts containing 0–2.0 wt% rhodium were prepared and
haracterized. Inverse gas chromatography was used to charac-
erize the surface properties of H-�-zeolite and Rh/H-�-zeolite.
roperties such as enthalpy of adsorption, free energy of adsorp-

ion and dispersive and specific components of surface free
nergy were reported.

The adsorption characteristics of H-�-zeolite can be modified
y rhodium. The surface area, the enthalpy of adsorption and

ispersive component of the surface free energy decrease after
he impregnation of rhodium.

Rhodium has significant effect on the adsorption of benzene.
his unique property may be useful for making catalysts for
ertain reactions involving benzene in the future.
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