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Abstract

A new simple method is developed for measuring surface diffusion coefficientsD of gases adsorbed on heterogeneouss

surfaces, using the reversed-flow version of inverse gas chromatography. TheD values are found in a time-resolved way,s

together with the corresponding adsorption energy values, the local adsorbed concentrations, and the local adsorption
isotherm values. A relative dynamic adsorption rate constant, an adsorption/desorption rate constant, and a surface reaction
rate constant are also found in the same experiment, together with the total diffusion coefficient of the gas in the solid bed.
The method has been applied for carbon monoxide, oxygen gas, and carbon dioxide as adsorbates on 75% Pt125% Rh
catalyst supported on SiO , at 593.8 K.2

   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction monitoring local adsorbate concentrations can be
used to measure surface diffusion’. However, Smith

According to the type of surface species, surface [3] states that ‘Experimental verification of surface
diffusion may involve physically adsorbed mole- diffusion is usually indirect, since concentrations of
cules, chemisorbed species, and self-diffusing atoms, adsorbed molecules on a surface are difficult to
ions, and clusters on the surfaces of their own crystal measure. When gas concentrations are obtained, the
lattices. All three categories are important to problem arises of separating the surface and pore
catalysis. volume transport rates’. Radioactive labelled adsor-

Several techniques have been used to measure bates, infrared and electron spectroscopies, low
surface diffusion, the most common one for phys- energy electron diffraction, field emission micro-
ically adsorbed and chemisorbed species being the scopy (FEM) and field ion microscopy (FIM) en-
diffusion cell technique [1]. As stated in a recent abled the observation of migration of individual
review on surface diffusion [2], ‘any technique of adatoms, but these techniques have been limited to

refractory metals, mostly to tungsten surfaces. The
FEM, FIM, and many other techniques have been*Corresponding author. Fax:130-61-997-144.
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applicable to studying surface diffusion of physically (99.97% pure) and oxygen from BOC Gases
adsorbed and chemisorbed species. (99.999% pure) were used as adsorbates.

It was in 1999 [4] that local surface concentrations Helium (99.999% pure) from BOC Gases was
* *c (mol /g), local monolayer capacitiesc (mol /g) used as carrier gas, while hydrogen (99.999% pure)s max

* *and hence local adsorption isothermsu 5 c /c for the reduction of the catalysts was obtained fromt s max

for ethylene and propene on ZnO, PbO and CaCO Linde.3

(marble) were experimentally measured by an in- The chromatographic material, used for the sepa-
verse gas chromatographic tool, namely, reversed- ration of carbon monoxide and carbon dioxide, was
flow gas chromatography (RF-GC). The term local silica gel, 80–100 mesh, from Supelco.
means with respect to time passing from the moment
of injection of the adsorbate onto the solid bed. By 2 .2. Apparatus and procedure
looking at Table 1 of the above work [4], one sees

*the time-resolved values ofc andu ranging from The experimental arrangement of RF-GC usedmax t
26 221.18310 to 1.22310 mol /g, and 0.877–0.001, here is repeated in Fig. 1. The lengthsl9 and l of the

respectively, for the system C H /ZnO in the time stainless-steel sampling column were 38 cm34 mm2 4

*interval 6–120 min. The respective values ofc can I.D. each and the lengthL of the diffusion column,s 1

*be found from the productu c . Analogous were which was connected perpendicularly to the middlet max

the results obtained with the other systems, i.e. of the columnl91 l, was 117.6 cm34 mm I.D. All
C H /PbO, C H /PbO, and C H /CaCO . It is columns (sampling cell) were accommodated inside2 4 3 6 3 6 3

*seen from Table 1 of Ref. [4] that, together withc the oven of a usual gas chromatograph (Pye-Unicam,max

andu , the adsorption energy values´ were measured Series 104) and were empty of any solid material,t

as time-resolved experimental variables between 6 except for a short lengthL (|1.0 cm) at the closed2

and 120 min. Since surface diffusion coefficients are end, which contained the catalyst (|0.1 g). The
generally functions of surface coverage and adsorp- separation column (stainless-steel) was in another
tion energies, it seems a good choice to try an oven of a Shimadzu 8A gas chromatograph and its
extraction of their value from the same kind of end was connected to a thermal conductivity detector
experimental data as those leading to the values of system. This column was filled with 7.6 g silica gel
*c , u and ´. This is the objective of the present 80–100 mesh. The flow reversals were effected bymax t

work, for CO, CO and O as adsorbates on a Pt /Rh means of the four-port valve, which connected the2 2

catalyst, at 593.8 K. ends of the sampling column with the carrier gas
inlet and the reference injector.

Before measurements, the whole system was
2 . Experimental conditioned by heating in situ the catalyst bed at 743

K and the silica gel at 423 K, both for 20 h, under a
3 21The materials used have been described in detail carrier gas helium flow of 1 cm s . At these

3in previous publications [5,6]. A short description of temperatures, preliminary injections of 1 cm of the
them follows. absorbates CO, O and CO (at atmospheric pres-2 2

sure) were made, with a gas-tight syringe, in order to
2 .1. Materials establish constant catalytic activity. The working

temperature was kept constant in all experiments at
The catalyst used, supplied by Dr. Nieuwenhuys at 593.8 K while the pressure drop along the whole

3the Leiden University (The Netherlands), was a system was 0.33 atm. After conditioning, 1 cm of
platinum–rhodium alloy catalyst containing 75% CO, O or CO was rapidly introduced through the2 2

Pt125% Rh supported on SiO (3% w/w). The adsorbate gas injector atL . After 5 min, a continu-2 2

catalyst was reduced at 628 K for 10 h, in flowing ous concentration–time curve, increasing initially
3 21hydrogen, at a flow-rate of 1.0 cm s , before use. and decreasing after a maximum was recorded, due

Carbon monoxide from Linde (99.97% pure), to the adsorbate and the possible products. During
carbon dioxide from Matheson Gas products this period, flow reversals for 5 s were effected by
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Fig. 1. Outline of the experimental arrangement in the reversed-flow gas chromatography method.

means of the four-port valve. One or two symmetri- wherec is the concentration of the analyte A in theg
3cal ‘sample peaks’ (in case that the absorbate reacts gas (mol /cm );c is the concentration of A in thes

*on the catalytic surface and gives a product) were adsorbed state (mol /g);c is the equilibrium ad-s

recorded corresponding to various times from the sorbed concentration of A (mol /g);t is the time (s);x
beginning. is the length coordinate along the column (cm);y is

the linear velocity of carrier gas (cm/s);D is theg
2diffusion coefficient of A in the carrier gas (cm /s);r

is the volume ratio of stationary and mobile phase;
3 . Theoretical

k is the rate constant for adsorption/desorption onR
21the bulk solid (s ); a is the amount of solids

3 .1. The mathematical model adsorbent (g/cm);a is the cross sectional area in they
2solid bed (cm ).

Since the objective of the present work is to Then, one can conclude from the experimental
measure a difficult physicochemical quantity very arrangement of Fig. 1 that three kinds of chromatog-
important in catalytic studies, it is rather better to raphy are conducted, namely: one usual separation
develop the necessary mathematical equations, start-chromatography in the separation column, described
ing from the very beginning and pointing out where by the three terms (1), (2), (4), of Eq. (1); a second
the theoretical analysis is more advanced than the kind of movement described by the terms (1) and (3)
previously published one, used for the measurementsof Eq. (1) in the diffusion columnz, empty of solid
of other quantities. One can start from a general GC material; and an inverse chromatographic phenom-
equation with five terms: enon in the solid bedy, described by the terms (1),

(3) and (5) of Eq. (1). Needless to say that the2
≠c ≠c ≠ c ≠c ag g g s s characteristic chromatographic term2y ≠c /≠xs dg] ] ]] ] ] *5 2y 1D 2 r 1 k c 2cs dg 2 R s s≠t ≠x ≠t a disappears in the columnsz andy, since the latter are≠x y
(1) (2) (4)(3) (5) placed perpendicularly to the direction of the carrier

gas, flowing only through the sampling column and(1)
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the separation column. This was done on purpose, so It consists first of the terms (1) and (3) of Eq. (1)
that y does not interfere with the rate phenomena in written for the columnz of Fig. 1 (cf. Eq. (127) of
column sectionsz and y. Ref. [8]), where c is the gaseous concentrationg

3What experimental quantity does one measure by (mol /cm ) of the adsorbate in columnz, andD itsg
3injecting a small volume (0.5–1 cm at atmospheric diffusion coefficient in the carrier gas, not running

pressure) of the adsorbate gas A through the gas but filling sectionz as a stagnant gaseous column.
injector aty 5 L ? The gaseous concentration enter- Secondly, one writes an equation comprising2

ing the sampling column atz 5 0, being transferred terms (1), (3) and (5) of Eq. (1) valid in columny,
by the carrier gas to the detector, either via the i.e. in the solid bed (cf. Eq. (124) of Ref. [8]), where
separation column or directly, gives a long c is now the gaseous concentration of the adsorbateg

3asymmetrical chromatographic band, as if an unsharp A in regiony (mol /cm ), D the effective diffusiong

extended input distribution of a vapor were intro- coefficient of A in the solid bed, and the meaning of
duced into the sampling column atx 5 l9. If, how- the other symbols having been explained after Eq.
ever, the four-port valve is turned to the other (1).
position for 5–60 s, and then returned to its original A third equation describes the rate of change of
position, one or more sharp symmetrical and narrow the adsorbed concentration of A (cf. Eq. (125) of

21peaks are recorded (cf. Fig. 2 of Ref. [5]). Repetition Ref. [8]), wherek 5 k , and k (s ) is the rate21 R 2

of the flow reversal may give a long series of such constant of a possible first-order or pseudo-first-order
narrow sample peaks, their height H from the surface reaction of the adsorbed A.
continuous background line being a function of the The fourth equation of the system is a non-linear
time, when the reversal was made: local adsorption isotherm defined by Eq. (123) of

Ref. [8].
1 /MH 5O A exp (B t) (2) The solution of the above system of equations isi i

i
given analytically in Ref. [7], under the initial
conditions of Eq. (126) of Ref. [8], and boundarywhere M is the response factor of the detector and
conditions of Eqs. (16), (18) and (19) of Ref. [7].A , B are functions of physicochemical quantitiesi i

If c(l9, t) is the gaseous concentration of thepertaining to the various phenomena taking place in
adsorbate in the sampling column at the pointx 5 l9columnsy andz. The summation indexi ranges from
and time t, the diffusion column and the sampling1 to 2, 3 or 4 depending on the mathematical model
column having the same cross sectional areaa , theemployed for the description of the various physico- z

solution of the above system is based on doublechemical processes, and the approximations used to
Laplace transformations with respect tot, and withsolve the relevant system of partial differential
respect toz or y. The result, before the final inverseequations. In some cases that have been studied [5,6]
Laplace transformation with respect top, was [7]two exponential terms in Eq. (2), i.e.i 5 1, 2, were

enough. In other cases [4,7–14] the solution of the
Asystem was obtained fori 51–3 andi 51–4. In all ]C(l9, p)5 ?~Vcases,A andB were calculated by PC programs ini i

n 2 n qGW-BASIC, written for non-linear least-squares regres- A s 3
]]]]]]]]]]]]]]
A ? coshq L ? coshq L 1 J ? sinhq L ? sinhq Lsion analysis [4,7–11,15] and based on the ex- 1 1 2 2 1 1 2 2

perimental pair valuesH, t in cm and s, respectively. (3)
The form of Eq. (2) is not an assumption made a

where C(l9, p) is the Laplace transform ofc(l9, t)priori, but the result of solution of a system of partial
with respect tot; A is the ratio of cross sectionaldifferential equations and a local isotherm, with

~areasa , a ; V 5y a is the volumetric flow-rate ofcertain initial and boundary conditions. For the z y z
3 21the carrier gas (cm s );n is the amount (mol) ofpresent objective, namely, the experimental determi- A

A introduced as a pulse aty 5L ; n is the initiallynation of surface diffusion coefficients of the adsor- 2 s

adsorbed concentration of A (if any);q , q , q arebate on a heterogeneous solid surface, at various 1 2 3

given by the relations:times, the starting model chosen was that of Ref. [8].
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2q 5 p /D (4) The a and a are given by Eq. (9) above, and1 z 1 2

Q 5 2a L /a L (14)k k ( p 1 k ) 2 y 2 z 11 1 R 22 ] ]]]]]q 5 p 1 (5)F G2 D p( p 1 k 1 k )y R 2
Eqs. (8)–(13) are the same as Eqs. (128)–(132) of

k ( p 1 k ) Ref. [8] written in a slightly different way. SinceHR 2
]]]]]q 5 (6)3 is the height of the extra chromatographic peaks,p( p 1 k 1 k )R 2

obtained by the repeated flow reversals of the carrier
D qy 2 gas, and this is proportional to the concentration
]]J 5 (7)D q c(l9, t) at the junction of the sampling column andz 1

1 /Mthe diffusion column,H 5 gc(l9, t), M being the
wherep is the parameter of Laplace transformation response factor mentioned with Eq. (2), andg a
with respect to t, and D , D the diffusion co-z y calibration factor of the detector determined as
efficients in sectionz and y, respectively. described elsewhere [16]. Thus, the result of the

Expanding both coshqL and sinhqL in the de- inverse Laplace transformation with respect top of
nominator of Eq. (3) in McLaurin series inqL, and Eq. (8) is Eq. (2) withi 5 1–4:
retaining only the first two terms, namely, coshqL ¯

2 2 411 q L /2 and sinhqL ¯ 01 qL . qL, one obtains
1 /MH 5 gc(l9, t)5OA exp (B t) (15)Eq. (23) of Ref. [7]: i i

i51

n a aA 1 2 where the exponential coefficients of timeB , B , B]]C(l9, p)5 1 2 3~V and B satisfy Eqs. (10)–(13), while the pre-ex-4
2 ponential factorsA , A , A and A are explicitp 1 k 12 n /n 1 k p 2 n k k /nf s d g 1 2 3 4R s A 2 s R 2 A
]]]]]]]]]]]? ~functions ofgn a a /V, of B , B , B , B , k , k , np 2B p 2B p 2B p 2B A 1 2 1 2 3 4 R 2 As ds ds ds d1 2 3 4

and n , the analytical form of which is not needed.s(8)
Although Eqs. (10)–(13) constitute a system of

four algebraic equations, with the values ofX, Y, Z,where
W calculated from the experimentally found values

2D2D yz of B , B , B , B as shown, it is difficult, if not1 2 3 4] ]]a 5 ; a 5 (9)1 2 2 2L L impossible to find from that the four out of the five1 2
2unknownsa , a , k , k , k , even ifa 5 2D /L (cf.1 2 1 R 2 1 z 1and B , B , B and B are the roots of the fourth1 2 3 4 Eq. (9)) is obtained from the literature or from4 3degree polynomial in the denominatorp 1Xp 1

otherwise calculated values ofD [17]. The roots of2 zYp 1Zp 1W, with the following physical meaning
the above system come out as complex numbers. In

of X, Y, Z andW :
order to overcome this difficulty, a steady-state in
Eq. (125) of Ref. [8], i.e.≠c /≠t 50, was assumed,X 5 a 1 a 1 a Q 1 k 1 k s1 2 2 2 R 2

and, following exactly the same route as before, one
5 2 B 1B 1B 1B (10)s d1 2 3 4 reaches the same form of Eq. (15) but withi 5 1, 2,

3. This leads to another system of three algebraic
Y 5 a a 1 a 1 a 1 a Q k 1 k 1 k ks ds d1 2 1 2 2 2 R 2 1 R equations, which are combined with the four Eqs.
5B B 1B B 1B B 1B B 1B B 1B B (10)–(13) and the calculation of all unknowns1 2 1 3 1 4 2 3 2 4 3 4

becomes possible [7,8]. This route, however, is not(11)
permissible here, since the surface diffusion coeffi-
cients are known to be strongly dependent on theZ 5 a a k 1 k 1 a k k 1 a Q k k 1 k k ks d1 2 R 2 1 1 R 2 2 1 R 1 R 2
surface concentrationc of the adsorbates [2]. Hows5 2 B B B 1B B B 1B B B 1B B Bs d1 2 3 1 2 4 1 3 4 2 3 4 then can one assume a constantc by the steady-states

(12) assumption≠c /≠t 50? Another route was soughts

and this was found by using a different expansion of
W5 a 1 a Q k k k 5B B B B (13) coshqL and sinhqL in the denominator of Eq. (3),s d1 2 2 1 R 2 1 2 3 4
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as follows. The two terms were first written, without 3 .2. Calculation of the rate constants
any approximation, as

The rate constantsk , k , k , and the diffusionR 2 1A coefficientD , as defined in the foregoing text can bey]A coshq L ? coshq L 5 cosh q L 1 q Lf s d1 1 2 2 1 1 2 22 calculated in various ways from the values ofX, Y,
1 cosh q L 2 q Ls d g Z, W, andX , Y , Z , found fromB , B , B , B , and1 1 2 2 1 1 1 1 2 3 4

B , B , B according to Eqs. (10)–(13), and (19)–5 6 7(16)
(21), respectively. The values ofB’s are derived

J from the experimental pairsH, t (H is the height of
]J sinhq L ? sinhq L 5 cosh q L 1 q Lf s d1 1 2 2 1 1 2 22 sample peaks in cm;t is the time of reversal) by

non-linear least-squares regression analysis based on2 cosh q L 2 q Ls d g1 1 2 2
Eq. (2), with i 5 1–4 andi 51–3, independently.

(17)
It was found that the best way for calculatingk ,R

k , k andD is that which gives the minimum valueIf the expansion in McLaurin series used before for 2 1 y

of % difference between the experimental values ofthe left-hand sides of the above functions giving Eq.
X, Y, Z, W, X , Y , Z found from B’s, and those(8), is now performed on the right-hand sides of Eqs. 1 1 1

found by using the calculatedk , k , k and D(16) and (17), it gives a different result, namely R 2 1 y

values using the diffusion coefficient in the gas phase
n a aA 1 2 D as calculated by the traditional method [17]. The]]]]]] zC(l9, p)5 ~V(a 1 a 1 a Q ) calculation is as follows. Firstly, theA5 a /a is1 2 2 2 z y

2 found, taking into account the external porosity ofp 1 k 12 n /n 1 k p 2 n k k /nf s d gR s A 2 s R 2 A 2]]]]]]]]]]]? the solid bed. Then, thea 5 2D /L is found. The1 z 1p 2B p 2B p 2Bs ds ds d5 6 7 calculation from Eq. (14) ofQ 5 2a L /a L fol-2 y 2 z 1
(18) lows, and then from the ratioW/Z 5 a 1 a 11 1 2

2a Q , a 5 2D /L 5 W/Z 2 a /(11Q ) is found,s d2 2 2 y 2 1 1 2where a , a and Q have the same meaning as1 2 2 and from this the value ofD .ybefore (cf. Eqs. (9) and (14)), the numerator is
The following relations are easily derived fromexactly the same as that of Eq. (8), but the de-

Eqs. (19)–(21) and (13):nominator is different, sinceB , B and B are now5 6 7
3 2the roots of the third degree polynomialp 1X p 1 k 1 k 5X 2 a a Z /W (22)1 R 2 1 1 2 1

Y p 1 Z , with the following physical meaning of1 1 the productX , Y and Z :1 1 1

Y W/Z 2 a a (k 1 k )1 1 1 2 R 2a a ]]]]]]]k k 5 (23)1 2 1 R a 1 a Q]]]]]X 5 1 k 1 k 1 2 21 R 2a 1 a 1 a Q1 2 2 2

and5 2 B 1B 1B (19)s d5 6 7

W
]]]k k k 5 (24)a a k 1 k 1 a 1 a Q k ks d s d 1 R 21 2 R 2 1 2 2 1 R a 1 a Q]]]]]]]]] 1 2 2Y 51 a 1 a 1 a Q1 2 2 2

From the above, it easily follows that the value ofk25 B B 1B B 1B B (20)s d5 6 5 7 6 7 is equal to the ratio of Eq. (24) /Eq. (23), thek isR

found from the difference Eq. (22)2 k , and finallya 1 a Q 21 2 2
]]]]]Z 5 k k k 5 2 B B B ) (21)s k from the ratio Eq. (23) /k .1 1 R 2 5 6 7 1 Ra 1 a 1 a Q1 2 2 2

3 .3. Calculation of time-resolved adsorptionAs before [7], we are left with the values ofB ,1

energies, local adsorption concentrations and localB , B , B , B , B and B , using slightly different2 3 4 5 6 7

isothermsapproximations not involving a steady-state of the
adsorbed concentration, on which the surface diffu-

This is achieved as recently published [4] forsion coefficient exhibits a strong dependence [2].
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heterogeneous surfaces, the term ‘local’ meaning adsorption isothermu reflects the concentration of
with respect to timet, i.e. involving not all ad- the adsorbate in the surface phase. The surface
sorption sites, but only those active at timet. For diffusion coefficientD in Eq. (27) is the physico-s

convenience, the necessary equations for the above chemical quantity sought in the present work, and
calculations are repeated below without derivation. this can be easily calculated, since all other quan-

The adsorption energý is calculated from Eq. (8) tities in this equation are either known physical
of Ref. [4]: quantities, or can be obtained quite easily from the

pairsH, t of the RF-GC experiments, as follows. The0K 5K exp (́ /RT ) (25) total diffusion coefficient D should be equal toi
2D ´ , i.e. to that of the adsorbate in the carrier gas inwhereK is calculated experimentally from Eq. (5) of z M

the absence of solidD , multiplied by the square ofRef. [10]: z

the macro void fraction in the bed́ , according toM4
2 the random-pore model (Ref. [3], p. 467). This isOA B exp (B t)i i igDz i51 required for boundary condition reasons atz 5L ,1] ]]]]]]KRT 5 4 2yL y 5 0. The D term of Eq. (27) is equal to the1 o5 OA B exp (B t)F Gi i i experimentalD , calculated from theH, t pairs asyi51

described in Section 3.2, together with the rate
constants.

1 There remains the partial derivative≠u /≠p of Eq.
]]]]2 (26)4 (27) to be found. This is most easily done from Eq.6OA exp (B t)i i (7) of Ref. [4]:
i51

u 512 exp (2Kp) (28)dividing by RT and correcting by multiplying with
0the gaseous standard state of 101,325 Pa. TheK is where K is Langmuir’s constant given by Eq. (25)

0found from the formula (9) of Ref. [4], and the local and K being given by Eq. (9) of Ref. [4]. Taking
*adsorption equilibrium concentrationc is founds the partial derivative ofu with respect top in Eq.

from Eq. (4) of Ref. [12]. (28) above, one simply finds
The local isothermu , and the local monolayert

* ≠u /≠p 5K exp (2Kp)5K(12u ) (29)capacity c are found by Eqs. (10) and (16),max

*respectively, of Ref. [4]. The≠c /≠c value neededs y and, substituting in it Eq. (25) forK, there results
in the latter calculation is given by Eq. (6) of Ref.

0[12]. ≠u /≠p 5K (12u ) exp (́ /RT ) (30)

All three factors on the right-hand sides of Eqs. (29)3 .4. Calculation of surface diffusion coefficients
and (30) above are easily calculated, namely,K by

0Eq. (26),K by Eq. (9) of Ref. [4],u by Eq. (10) ofAccording to Jaroniec and Madey [18], in the 0Ref. [4], and´ or ´ /RT by Eq. (25). Except forK ,majority of papers concerning adsorption kinetics on
all other quantities are found from the values ofA ,1solids, the models of mass-transfer kinetics (involv-
A , A , A , B , B , B and B of Eq. (15), and the2 3 4 1 2 3 4ing external, internal, and surface diffusion of adsor-
time parametert. Thus,≠u /≠p is found with a time-bate molecules) were studied. According to Eq. (5.3)
resolved procedure from the experimental chromato-of Ref. [18]:
graphic dataH, t of the RF-GC method. Finally, the

D 5D 1D ≠u /≠p (27) relation givingD is easily obtained from Eq. (27):i o s s

2 2i.e. the diffusion coefficient is divided into two parts: D ´ 2D D ´ 2Dz M y z M y
]]] ]]]D 5 5 exp (2´ /RT ) (31)the termD describing diffusion in the bulk phase, s 0o ≠u /≠p K (12u )

and the second term referring to the diffusion in the
surface phase. The pressurep reflects the concen- It is worth noticing that this equation coincides in
tration of the adsorbate in the bulk phase, and the form with the equation of Higashi et al. [19]:
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Table 1
Dso Time distribution of adsorption energy (´), equilibrium adsorbed]]D 5 exp (2E /RT ) (32)s 12u *concentration (c ), local adsorption isotherm (u ), and surfaces t

diffusion coefficient (D ) for carbon monoxide adsorbed on 75%s2 0
23 21if D 5 D ´ 2D /K and our adsorption energýs d Pt125% Rh catalyst, at 593.8 K.k 5 4.723 10 s , k 5so z M y 1 R

23 21 24 21 24 2behaves like the activation energyE of the surface 7.533 10 s , k 5 2.493 10 s , D 5 2.023 10 cm /s2 y

diffusion process. *Time ´ c u Ds t s
2All calculations described in Sections 3.2, 3.3 and (min) (kJ/mol) (mmol /g) (cm /s)

3.4 can be carried out simultaneously by theGW- 8 157.9 2.90 0.801 0.104
22BASIC PC program listed in Appendix A, by entering 10 158.6 3.30 0.765 7.69310
22the H, t pairs in the DATA lines 3000–3040, 12 159.2 3.90 0.729 5.87310
2214 160.4 4.66 0.721 4.45310together with some auxiliary physical quantities, like
2216 162.2 5.55 0.736 3.26310~T, L , L , ´ , a , a , a , V, y, n , D , in the INPUT
221 2 M z y s A z 18 164.7 6.53 0.770 2.24310

lines 170–335. 2220 168.3 7.57 0.820 1.38310
23Needless to say that the application of the rule of 22 174.2 8.64 0.887 6.72310
23error propagation in a long sequence of steps does 24 190.7 9.73 0.976 1.10310
2326 178.9 10.8 0.920 3.69310not give reliable final errors, as already pointed out
2328 170.6 11.9 0.826 9.04310in the past [7].
2230 166.1 13.0 0.741 1.51310
2232 163.0 14.0 0.662 2.19310
2234 160.5 15.1 0.589 2.98310
2236 158.4 16.1 0.520 3.903104 . Representative results and discussion
2238 156.5 17.0 0.453 5.02310
2242 153.0 18.9 0.324 8.32310The methodology and calculations described in the

46 149.2 20.7 0.202 0.151
preceding sections are demonstrated by their applica- 50 143.9 22.3 0.086 0.387
tion to the adsorption of carbon monoxide, oxygen 56 141.5 24.6 0.061 0.605

60 144.9 26.0 0.119 0.324gas and carbon dioxide on a platinum–rhodium alloy
64 146.3 27.3 0.157 0.256catalyst containing 75% Pt125% Rh supported on
72 147.4 29.6 0.198 0.217SiO (3% w/w), at a temperature of 593.8 K. The2 80 147.6 31.7 0.214 0.211

values of the pairsH, t (in number, 35 for CO, 35 for 88 147.5 33.6 0.218 0.216
O , and 31 for CO ) obtained experimentally, have 96 147.3 35.2 0.214 0.2272 2

104 146.9 36.6 0.206 0.243been introduced into the lines 3000–3040 of the PC
112 146.4 37.9 0.196 0.262program listed in Appendix A, together with the
120 145.9 39.0 0.184 0.285other experimentally determined quantities in the

INPUT lines 170–335. The diffusion coefficientsDz

in the carrier gas helium, required in line 310, were
respectively, although one could plot them by usingcalculated by the well-known equations of Ref. [17],

2 21 the PC programMATHEMATICA 3 between the twoand found to be 1.73, 1.82 and 1.81 cm s for CO,
chosen time limits, with a number of plot points sayO and CO , respectively, at 593.8 K.2 2

1000. The same equations of Sections 3.3 and 3.4 areFirstly, the rate constantsk , k , k and the total1 R 2

required for those plots.diffusion coefficientD in the solid bed were com-y

From the results listed in Tables 1–3, it is clearputed by the program, as described in Section 3.2.
that the new method of determining surface diffusionThen, it follows the calculation of time-resolved
coefficients D presented here is a time-resolvedadsorption energieś , local adsorption concentra- s

* procedure, showing clearly the dependence ofD ontions c , local isotherm valuesu , and surface ss t

the adsorption energý, the fraction of active surfacediffusion coefficientsD , based on the descriptionss

*coveredu , and the surface concentrationc of thegiven in Sections 3.3 and 3.4. The time period t s

adsorbate, all in the very same experiment.arbitrarily chosen was from 8 to 106 or 130 min,
The form of the above dependences does notwith 2 or more minutes apart from each other. The

coincide, however, exactly with that usually de-results are listed in Tables 1–3 for CO, O and CO ,2 2
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Table 2 Table 3
Time distribution of adsorption energy (´), equilibrium adsorbed Time distribution of adsorption energy (´), equilibrium adsorbed

* *concentration (c ), local adsorption isotherm (u ), and surface concentration (c ), local adsorption isotherm (u ), and surfaces t s t

diffusion coefficient (D ) for oxygen gas adsorbed on 75% Pt1 diffusion coefficient (D ) for carbon dioxide adsorbed on 75%s s
23 21 22 2125% Rh catalyst, at 593.8 K.k 5 7.053 10 s , k 5 7.293 Pt125% Rh catalyst, at 593.8 K.k 51.14310 s , k 51 R 1 R

23 21 24 21 24 2 23 21 24 21 23 210 s , k 5 2.743 10 s , D 5 4.193 10 cm /s 8.123 10 s , k 5 2.423 10 s , D 5 1.023 10 cm /s2 y 2 y

* *Time ´ c u D Time ´ c u Ds t s s t s
2 2(min) (kJ/mol) (mmol /g) (cm /s) (min) (kJ/mol) (mmol /g) (cm /s)

8 164.0 14.2 0.990 0.758 8 165.8 4.36 0.922 0.110
2210 161.2 14.6 0.954 0.294 10 163.7 4.82 0.812 7.03310
2212 161.3 15.3 0.917 0.162 12 163.1 5.68 0.726 5.42310

22 2214 162.4 16.2 0.893 0.94310 14 163.4 6.90 0.685 4.41310
22 2216 164.3 17.4 0.885 6.28310 16 164.3 8.44 0.677 3.57310
22 2218 167.0 18.6 0.891 3.86310 18 165.7 10.2 0.690 2.81310
22 2220 171.0 20.0 0.913 2.14310 20 167.6 12.2 0.718 2.12310
23 2222 178.0 21.4 0.949 8.89310 22 170.0 14.3 0.758 1.51310
24 2324 212.5 22.8 0.998 2.29310 24 173.3 16.4 0.809 9.76310
23 2326 177.4 24.2 0.934 7.72310 26 178.4 18.7 0.873 5.23310
22 2328 170.7 25.5 0.867 1.50310 28 189.5 20.9 0.953 1.51310
22 2330 166.6 26.9 0.798 2.23310 30 188.8 23.2 0.948 1.58310
22 2332 163.7 28.3 0.728 3.00310 32 178.2 25.5 0.858 4.93310
22 2334 161.4 29.6 0.659 3.85310 34 173.2 27.7 0.779 8.72310
22 2236 159.3 30.8 0.590 4.81310 36 169.8 29.9 0.708 1.30310
22 2238 157.6 32.1 0.522 5.99310 38 167.3 32.1 0.644 1.77310
22 2240 155.9 33.3 0.456 7.31310 40 165.3 34.3 0.586 2.31310
22 2242 154.3 34.4 0.392 9.02310 42 163.5 36.4 0.533 2.90310

2246 151.2 36.7 0.275 0.141 44 162.0 38.4 0.485 3.57310
2250 147.9 38.7 0.173 0.241 46 160.7 40.4 0.440 4.33310
2254 144.0 40.7 0.090 0.490 48 159.4 42.4 0.399 5.18310
2258 137.1 42.5 0.025 1.85 50 158.3 44.3 0.361 6.14310
2262 139.1 44.2 0.023 1.23 54 156.2 48.0 0.294 8.50310

66 141.5 45.7 0.053 0.789 58 154.3 51.5 0.237 0.116
72 142.8 47.9 0.080 0.616 62 152.5 54.8 0.189 0.158
80 143.3 50.5 0.097 0.563 66 150.7 57.9 0.149 0.213
88 143.5 52.7 0.104 0.544 70 149.0 60.9 0.117 0.289

106 143.4 56.8 0.108 0.561 76 146.6 65.0 0.079 0.456
114 143.2 58.3 0.107 0.578 82 144.2 68.8 0.053 0.724
122 143.1 59.6 0.105 0.597 86 142.6 72.3 0.035 0.987

scribed in the past literature, although the orders of not the same, particularly their maxima. They indi-
magnitude found are acceptable. For example, cate rather chemisorption processes, unless they are
Sladek et al. [20] state that for chemisorption sys- taken as activation energies for migration of the
tems, the magnitudes of reportedD values range adsorbed species by means of hopping movementss

25 213 2from 10 to 10 cm /s, usually considered below on the surface. It is generally assumed that the
those characteristic of physical adsorption systems, hopping mechanism is an activated process [2]. In

22 25 2which are typically 10 to 10 cm /s. Our results support of this, Eq. (31) by means of whichD wass
21 24presented in Tables 1–3 range from 10 to 10 calculated here, is an Arrhenius type relation, coin-

2cm /s at a relatively high temperature (ca. 600 K), ciding exactly with that of Higashi (cf. Eq. (32)). Of
except for the long time values being an order of course the latter was criticised because it fails when
magnitude higher. But the values of the adsorption u 51, and a correction factorf was added in the
energy found (in kJ/mol) fall in the range 142–191 denominator of Eq. (32), becoming 12 fu [2]. It
for CO, 137–213 for O , and 143–190 for CO . seems that such a correction factor is not necessary2 2

These values are similar for the three adsorbates, but in our Eq. (31), since in all calculations ofD froms
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Fig. 2. Dependence of surface diffusion coefficient of carbon monoxide on its equilibrium surface concentration on 75% Pt125% Rh
catalyst, at 593.8 K.

Fig. 3. Dependence of surface diffusion coefficient of oxygen on its equilibrium surface concentration on 75% Pt125% Rh catalyst, at
593.8 K.
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Fig. 4. Dependence of surface diffusion coefficient of carbon dioxide on its equilibrium surface concentration on 75% Pt125% Rh catalyst,
at 593.8 K.

*experimental datau never reached a value bigger may conclude that it is the energy variation withct s

*than 0.999. that indirectly causes the variation ofD with c .s s

Coming back now to the form of the dependence
of D on ´ andu , one finds from Eq. (31) that a plots t

of ln [D (12u )] against ´ should be linear withs t 5 . Conclusion
slope 2 1/RT. It is not necessary, however, to test
this fact, sinceD has been calculated by means ofs With a very simple modification of a commercial
that relation. In contrast to the above, the dependence

gas chromatograph, one can measure in a single
of log D on q /mRT, where q is the heat of10 s experiment the surface diffusion coefficient in a
adsorption andm 51, 2 or 3 for various classes of

time-resolved way, combined with a simultaneous
solids [2,20] has been found to be linear, all sub-

measurement of the adsorption energy, the local
stances examined falling on the same straight line,

adsorbed concentration, and the local adsorption
with considerable spreading out of that line. In other

isotherm, for gaseous adsorbates on heterogeneous
words, the parameterq /mRT resolves the data into

solid surfaces.
three sets differing inm. The effect ofu on the
dependence ofD on 1/T [20] is very complicated.s

*The continuous increase ofc with time iss

probably due to multilayer adsorption. The depen- A cknowledgements
*dence ofD on c is shown in Figs. 2–4 for CO, Os s 2

and CO , respectively. These figures show the same We would like to thank Mrs. M. Barkoula for the2

minima and maxima with those appearing if´, in a technical preparation of the manuscript, and Mr. V.P.
*diminishing scale, were plotted againstc . Thus, one Plagianakos for preparation of figures.s
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