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Abstract

Physicochemical parameters for heterogeneous catalytic reactions when the catalytic bed was under a liquid phase have
been determined, using a non-linear adsorption isotherm by the reversed-flow version of inverse gas chromatography
(RF–GC). The mathematical analysis developed in heterogeneous catalysis, mass transfer across gas–liquid boundaries, and
diffusion coefficients of gases in liquids was associated with a non-linear adsorption isotherm to find the relevant equations
pertaining to the problem. These equations were then used to calculate the adsorption/desorption rate constant, the rate
constant for the first-order catalytic reaction and the equilibrium constant for the non-linear adsorption isotherm. The
diffusion coefficients of the reactant in the liquid and gaseous phases and the partition coefficients for the distribution of the
reactant between the gaseous and liquid phase were also determined.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction The aim of this paper is to develop the appropriate
mathematical analysis for studying heterogeneous

The reversed-flow gas chromatography (RF–GC) catalysis in the presence of a liquid phase above the
technique, a flow perturbation method, developed in catalytic bed, by using as a probe reaction the
1980 [1] and described in detail in a published book hydrogenation of 1-butene to butane over a nickel on
[2] has been used as a tool to study heterogeneous alumina catalyst which was inside a reactor filled
and homogeneous catalysis [3–8]. Also, the same with liquid hexadecane.
technique has been used to calculate mass transfer For this purpose a combination of the mathemati-
and partition coefficients across phase boundaries, cal analysis developed in the above cases associated
and diffusion coefficients of gases in liquids [9–15]. with a non-linear adsorption isotherm can be em-

ployed for determining the rate constant for ad-
21sorption/desorption on the catalyst (s ), the rate

constant for the first or pseudo first-order catalytic*Corresponding author. Tel.:130-610-996369; fax:130-610-
21reaction (s ), and the coefficient for the non-linear997144.

3 21 21
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2 . Theory

It is known [2] that the calculation of physico-
chemical parameters is based on a theoretical analy-

1 /Msis of the diffusion band, obtained by plottingH
or (1/M) ln H againstt, whereH is the height of the
flow reversal peaks (cm) andM (dimensionless) the
response factor of the detector (1 for the linear FID)
and t the time when the respective flow reversal was
made.

The heightH is proportional to the concentration
1 /Mc(l9, t), H 5 gc(l9, t), wherec(l9,t) is the gaseous

23concentration of the reactant, (mol cm ), measured
at the junction of the sampling column with the
diffusion column (Fig. 1) andg the calibration factor

3for the detector, cm per mol cm [16].
The object of this section is to show how all the

necessary physicochemical quantities can be ex-
tracted from the diffusion band, by solving a system
of partial differential equations pertaining to regions
z and y of the experimental arrangement (Fig. 1),
and joined up by using appropriate boundary con-
ditions.

2 .1. Region z

Here, the gaseous concentration of the reactantcz

is given by Eq. (13) of Ref. [12] in the form of
Laplace transform with respect to time (parameter
p):

nC l9,ps d
]]]C 5C l9,p coshq z 1 sinhq zs dz 1 1D qG 1

n
]]]2 sinhq z 2L u z 2 L (1)s d s d1 1 1a D qz G 1

where capital letters denotet transformed quantities
with p the parameter of the transformation,

p2 ]q 5 (2)1 DG

whereD is the gaseous diffusion coefficient of theG

reactant into the carrier gas,n the amount (mol)
injected at z5L , a the cross sectional area of1 z

column z, n the linear velocity of the carrier gas Fig. 1. Outline of the experimental arrangement used to study a
running through the sampling column, andu(z 2L ) heterogeneous catalytic procedure, when the catalyst is under1

the unit step function. liquid hexadecane.
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2 .2. Region y linearity is automatically taken care of. The above
definition is:

In regiony the liquid concentration of the reactant t

c in the form of t Laplace transformation has beeny *c 5 k Ec t dt (8)s dS a yfound ([14] Eq. (11)) as:
0

9C (0)y *where k 5equilibrium factor transforming intoc]]C 5C (0) coshq y 1 sinhq y (3) a Sy y 2 2q2 the area under the curve of the gaseous concentration
3 21 21c in region y at any time t (cm g s ); andywhere

t5dummy variable for time.
p2 The Laplace transform of Eq. (8) with respect to]q 5 (4)2 DL time at y5L is2

D is the liquid diffusion coefficient of reactant,L C Ls dy 2C (0) is thet transformed function ofc at y50 and ]]*C 5 k (9)y y S a p9C (0)5 (≠C /≠y) .y y y50

Because of the presence of the catalyst bed at *and by substituting this forC in Eq. (7) there resultS
y5L the boundary condition at this point is:2

≠C p 1 k ky 2 a≠c ]] ]]]]]2D a 5 k m C (L )y S DL y R y 2≠y y5L p 1 k 1 k p] *2D a 5 k m (c 2 c ) (5) 2S D R 2L y R S S≠y y5L2

(10)
where k 5rate constant for adsorption/desorptionR

21on the solid (s );m5total mass of the solid (g); Now, ≠C /≠y andC (L ) are evaluated froms dy5Ly y 22a 5cross-sectional area of the void space of regionyy Eq. (3) and by substituting the results in Eq. (10) the2(cm ); c 5adsorbed concentration of the reactant onS final transformed equation for regiony is obtained:
*the solid at timet (mol /g); and c 5equilibriumS

adsorbed concentration of the reactant at timet C (0) q sinhq L 1F coshq L 5f gy 2 2 2 2 2

(mol /g). F
The rate of change of the adsorbed concentration ]92C (0) sinhq L 1 coshq L (11)F Gy 2 2 2 2q2is described by the relation:

21whereF (cm ) is given by the relation≠cS
] *5 k c 2 c 2 k c (6)s dR S S 2 S≠t

k m p 1 k kR 2 a
21 ]] ]]]] ]F 5 ? ? (12)where k is the rate constant (s ) for the first or D a p 1 k 1 k p2 L y 2 R

pseudo first-order catalytic reaction.
By taking Laplace transforms with respect tot of 2 .3. Linking solutions in regions z and y

Eqs. (5), (6) and then substituteC from theS

transformed Eq. (6) into the transformed Eq. (5), one Eq. (1) holding in regionz is linked with Eq. (11)
obtains: valid in region y, using the boundary conditions at

z5L and y50:1≠C p 1 ky 2
]] ]]]] *2D a 5 k m C (7)S DL y R S≠y y5L p 1 k 1 k K 5C (0) /C (L ) (13)2 R 2 y z 1

* *whereC is the t transformed functionc . ≠CS S ≠C yzS]D ]]a D 5 a D (14)S DThe isotherm equation is not necessary to be z G y Lz5L≠z 1 ≠y y50
determined in detail as already published [16]. Only
the basic definition of the local adsorption isotherm where equilibrium Eq. (13) is assumed rapidly
is needed, to incorporate the non-linear isotherm into established with a partition coefficientK.
the mathematical calculations. Any possible non- From Eq. (1) bothC (L ) and ≠C /≠z arez5Ls dz 1 z 1
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calculated. Then, these are substituted in Eqs. (13) Y 5a a 1 ka 1 ka 1 ka a GL 1a Q 2a SG L G L G L 2 G Land (14), respectively, and the results forC (0)y 5B B 1B B 1B B 1B B 1B B 1B B1 2 1 3 1 4 2 3 2 4 3 49andC (0) are substituted in Eq. (11). After omissiony
(19)of the term (K cosh q L ) compared with1 1

(Kn /D q ) sinh q L , and of the term sinhq LG 1 1 1 1 1 Z 5a a k 1a a Q 1a k Q 1a a S 1a k SG L G L G 2 G L L 2compared with (n /D q ) cosh q L , as was doneG 1 1 1 5 2 B B B 1B B B 1B B B 1B B Bs d1 2 3 1 2 4 1 3 4 2 3 4before [6,14], and after some algebraic manipulations
(20)and rearrangements, there results:

n F
W5a a Qk 1a a Sk 5B B B B (21)] ]C l9,p 5 ? coshq L 1 sinhq Ls d S D G L 2 G L 2 1 2 3 42 2 2 2~ qV 2

] whereG and Q are given by the relationsDL
]? KA sinhq L ? sinhq LS 1 1 2 2D KAL KAL k mkœ G 1 1 R a

]] ]]]]G 5 and Q 5 (22)D D a1 coshq L ? coshq L G G y1 1 2 2

FKADL and the rest of the symbols in Eqs. (18)–(21) having]]]1 sinhq L ? coshq L1 1 2 2q D been given before.1 G

21 Remembering that the heightH of the extraF
] chromatographic peaks, obtained by the repeated1 coshq L ? sinhq L (15)D1 1 2 2q2 flow reversals, is proportional to the gaseous con-

~ centration [2] we write the inverse Laplace trans-where V 5 a n is the volumetric flow-rate of thez

forms with respect top of Eq. (16) as:carrier gas, andA5 a /a .y z

The rest of the symbols in Eq. (15) have been 1 /MH 5 gc l9,ts ddefined before.
5 A exp B t 1 A exp B t 1 A exp B ts d s d s d1 1 2 2 3 3Now, one expands both coshqL and sinhqL in

both factors of Eq. (15) in McLaurin series inqL, 1 A exp B t (23)s d4 4
retaining only the first two terms, i.e. coshqL511

2 2 where the exponential coefficients of timeB , B , B1 2 3q L /2 and sinhqL501qL5qL. Then, we find
and B satisfy Eqs. (18)–(21) while the pre-ex-4(leaving out extended mathematical details):
ponential factorsA , A , A and A are independent1 2 3 4

3 2na p 1 a 1 k p 1 ka 1 Sa p 1 Sa ks d s d of time and they have not any influence on theG L L L L 2
] ]]]]]]]]C l9,p 5 ?s d 4 3 2~V p 1Xp 1 Yp 1Zp 1W constants calculated.(16)

3 2na p 1 a 1 k p 1 ka 1 Sa p 1 Sa ks d s dG L L L L 2
] ]]]]]]]]5 ?~ p 2B p 2B p 2B p 2Bs ds ds ds dV 1 2 3 4

3 . ExperimentalIn this equation

2D 2DG L 3 .1. Apparatus]] ]]a 5 , a 5 , k 5 k 1 kG 2 L 2 2 RL L1 2

The chromatograph used was a Pye Unicam 104,L k mk2 R a
]]]and S 5 (17) with FID detector. The experimental arrangement isD aL y outlined in Fig. 1. The sampling cell consisted of the

sampling column l1l9, the diffusion column ofwhilst B , B , B and B are the roots of the1 2 3 4

length L , and the lower vessel of lengthL . Thepolynomial in the denominator, related to the co- 1 2

branchesl5l9560 cm andL 582.9–84.1 cm wereefficients X, Y, Z and W and the physicochemical 1

of stainless-steel chromatographic tube with 4 mmparametersk , k and k through the equations:R a 2

I.D., whilst vesselL containing the liquid (9.9–11.12X 5a 1a 1 k 1a a GLG L G L 2 cm) and the catalyst at its bottom of negligible
5 2 B 1B 1B 1B (18) height, was constructed from glass and had 17.5 mms d1 2 3 4
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I.D. It was connected to the columnL by means of a procedure was repeated many times at each tempera-1

1/4 inch Swagelok union. The whole sampling cell ture, giving rise to two series of sample peaks (one
was accommodated inside the oven of a usual gas for reactant and one for the product), each pair of
chromatograph. peaks corresponding to a different time from the

A six-port valve with two of its alternate ports reactant injection.
connected by means of a 1/16 inch tube as shown, First, the diffusion coefficient of 1-butene into the
was placed inside the wall of the oven and used to carrier gas was determined by using an empty glass
connect the sampling cell to the carrier gas inlet vessel, then by using the glass vessel filled with a
(H ), and to the separation column contained in the liquid the diffusion and the partition coefficients of2

oven of another gas chromatograph and kept at 323 the reactant into the liquid were calculated, and
K, together with the flame ionization detector. finally by adding an amount of catalyst (0.49396 g)

into the filled-with-the-liquid glass vessel the
3 .2. Materials physicochemical coefficients for the catalytic hydro-

genation of 1-butane were estimated.
The catalyst used was a 60–65% nickel on In all experiments the pressure drop along the

alumina (in 3.2 mm pellets) obtained from Ventron separation column was 0.58 atm, and the catalyst bed
Alfa Products. was under a pressure of 1.40–1.61 atm.

Hexadecane, 1-butene and butane were Fluka AG
‘‘purum’’ products.

The carrier gas was hydrogen of 99.99% purity 4 . Calculations
from Linde AG (Greece), dried by passing it through
a gas purifier No. 452 of Matheson Gas Products These start from the experimental data obtained
with a flow-rate (corrected at column temperature after injecting a small gaseous volume of the reactant3 21and for pressure drop) of about 0.33 cm s . (1-butene) in the absence of liquid and catalyst in

The separation column was a 2.4 m31/8 inch region y. By using Eqs.(20) and (30) of Ref. [14],
Chromosil 310 purchased from Supelco SA. the diffusion coefficient in the gas phaseD wasG

calculated.
3 .3. Procedure On the other hand, an injection of the reactant in

the presence of liquid but in the absence of catalyst
After conditioning of the catalyst by heating it in in region y, leads to the diffusion coefficient in the

situ at 493.2 K, in the presence of a liquid, for 24 h liquid phaseD and the partition coefficientK forLunder a continuous carrier gas flow, the oven tem- the distribution of 1-butene between the liquid and
perature was regulated to the working one. Then the carrier gas, using Eqs. (23), (26) and (31) of Ref.32 cm (at atmospheric pressure) of 1-butene were [14].
introduced through the injector to establish constant All geometrical characteristics of the cells used in
catalytic activity. these experiments are given in Table 1.

After the chromatographic trace in the recorder Now it was necessary to calculate the diffusion
had subsided to a negligible height above the coefficientsD , D and the partition coefficientK at3 G Lbaseline, a new 1 cm injection of 1-butene was various temperatures. A relation between the diffu-
made. After the appearance of the continuously sion coefficients in gases and the temperature is
rising concentration–time curve, the reversing pro- given in [2]:
cedure for the hydrogen carrier gas flow started, each

nreversal lasting always 15 s. This is shorter than the D 5 AT (24)G
gas hold-up time in the sectionsl and l9 of the cell.
Two symmetrical ‘‘sample peaks’’ were created by whereA is a constant for the same system of gases
each flow reversal. One peak belonged to the reac- andn51.61 for the diffusion in helium andn51.74
tant 1-butene and the other to the product butane. An for the diffusion in nitrogen. From the above equa-
example is given in Fig. 2. The above flow reversal tion, we can calculate theD values at differentG
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Fig. 2. Sample peaks of 1-butene and butane obtained during hydrogenation over Ni /Al O catalyst at 383.2 K.2 3

temperatures assuming that for hydrogenn51.61 Finally, by assuming thatG in Eq. (22) is constant
also: at different temperatures, theK values can be

calculated:nD TG1 1
]] ]5 (25)S DD T DK LG 2 G2 1 1 1

] ]] ]5 ? (27)K D L2 G 22The D values at different temperatures can beL

calculated by using the Wilke–Chang’ s formula
All results from the above calculations are given[17]. The relation betweenD and T is:L in Table 2.

D In the presence of a small amount of catalyst at theT mL 1 1 2
] ] ]5 ? (26) bottom of vessely, one can calculate the exponentialD T mL 2 12 coefficients of timeB , B , B and B in Eq. (23)1 2 3 4

wherem and m are the viscosity of the liquid at from the experimental values ofH, t, whereH is the1 2

temperaturesT and T , respectively. height (in arbitrary units, say cm) of the sample1 2

Table 1
Geometrical characteristics of the cells used to calculate diffusion coefficientsD and D of 1-butene into hydrogen and hexadecane,G L

respectively, and partition coefficientK for the distribution of 1-butene between hexadecane and hydrogen at 423.2 K
3 3 39Cell no. L (cm) L (cm) V (cm ) V (cm ) V (cm )1 2 G G L

1 78 – 13.533 2.37 –
2 78 10.6 13.533 2.37 25.5

9The definitions forV , V andV are given in Ref. [14].G G L
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Table 2 in Eq. (21) to check the goodness of the approxi-
Diffusion coefficients D , D of 1-butene into hydrogen andG L mation.
hexadecane, respectively, and partition coefficientK for the
distribution of 1-butene between hexadecane and hydrogen at
various temperatures

5 . Results and discussion2 21 25 2 21T (K) D (cm s ) D (10 cm s ) KG L

383.2 0.594 3.64 31.56 The main object of this paper is to present a new
403.2 0.645 3.84 33.77

mathematical model for carrying out all the neces-423.2 0.697 4.03 36.63
sary physicochemical measurements for studying
heterogeneous catalysis in the case where the cata-

chromatographic peaks andt the respective times, lytic bed is under a liquid.
when flow reversal of the carrier gas was made by Using the calculation procedure outlined in the
using a non-linear regression analysis PC program in previous section, the physicochemical rate constants
GW-BASIC [18]. k , k and the local equilibrium parameter for theR 2

From the values ofB , B , B andB , the auxiliary adsorption isotherm,k are computed. All the above1 2 3 4 a

coefficientsX, Y, Z andW can be calculated by using refer to the reactant 1-butene and are given in Table
Eqs. (18)–(21). From these in turn, the calculation of 3.
k , k and k is carried out as follows: The sum The number of significant figures in this Table isR a 2

k 1k is obtained from Eq. (18) in the form: based on the standard errors of theB values. It isR 2

difficult to estimate the final errors of the calculated
K AL1 physicochemical parameters, since they come out as]]k 5 k 1 k 5X 2a 2a 2a a L (28)R 2 G L G L 2 DG a result of a complex series of calculations and the

application of the error propagation rule in a long
the K and D having been calculated without theL sequence of steps does not give reliable final errors,
presence of solid catalyst as described before [14]. as stated earlier [19].

The productk k is obtained from Eq. (19) as:R a It is seen from the results that the rate constantk2

is of the same order of magnitude as that found inK AL1 the absence of liquid [6], and also it changes very]]Y 2a a 2 ka 2 ka 2 ka a LG L G L G L 2 DG little with temperature. This confirms the assumption]]]]]]]]]]]]k k 5R a a K AL m a L mG 1 L 2 [6] that k is a true rate constant for the surface2]]] ]]1D a D a 9G y L y reaction equal tok c . As temperature rises, the2 H2

adsorbed concentrationc decreases compensatingH(29) 2

9for an increase ink . Also, an activation energy of2
2197 kJ mol is calculated, indicating a chemisorption

Then, by substituting the results fork 1k andR 2 process.
k k in Eq. (20),k is calculated as follows:R a 2 From the values of isotherm parameterk for thea

adsorption of 1-butene on the catalyst bed, the localk 52 isotherm can be calculated as already reported [16].
a a K AL mk k a a L mk kG L 1 R a G L 2 R a
]]]]] ]]]]Z 2a a k 2 2G L D a D a Table 3G y L y

]]]]]]]]]]]]]] Rate constants for adsorption/desorption (k ), local equilibriumRa K AL mk k a L mk kG 1 R a L 2 R a
]]]]] ]]]] parameter (k ) for the adsorption isotherm of 1-butene on the1 aD a D aG y L y catalyst surface and rate constant (k ) for the hydrogenation2

reaction at various temperatures(30)
23 21 24 21 24 3 21 21T (K) k (10 s ) k (10 s ) k (10 cm s g )R 2 a

383.2 2.99 4.84 5.39Finally, the subtraction ofk from k 1k gives2 R 2
403.2 3.06 5.11 5.16the value ofk and the division ofk k by k givesR R a R
423.2 3.94 5.92 5.47the value ofk . All k , k , k can be substituted toWa 2 R a
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