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Abstract

The reversed-flow gas chromatography (RF-GC) method is used to investigate the competition between mass transfer and kinetics in
heterogeneous catalysis. The well-studied dissociative adsorption of carbon monoxide over a silica supported rhodium catalyst at various
temperatures is used as model system. The Thiele-type modubkusd the effectiveness factgrare calculated for both adsorbate (CO) and
product (CQ), from the experimental chromatographic peaks. The values experimentally found are similar to those predicted theoretically
and give interesting information for the mechanism of the interaction of carbon monoxide with the catalyst studied.
© 2004 Published by Elsevier B.V.
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1. Introduction perature is important for both heterogeneous catalysis and
chromatography.

The use of catalysts has given solutions in many aspects Various forms of gas chromatography have been used
of technological and environmental interest. In the major- for studying surface catalyzed transformation of substances,
ity of the heterogeneous catalysts, the active phases (usuallstarting from the work of Bassett and Habgofdd who
noble metals or metal oxides) are supported over a porousused classical elution chromatography, and ending to the
solid material such as silica, alumina, etc. The performance situation used in the present work, which is a special ver-
of such a catalyst is greatly affected from the competition sion of inverse gas chromatography. A recent review on cat-
between mass transfer taking place in the pores of the sup-alytic studies by gas chromatography has been published
porting material and the kinetics of the adsorbate—adsorbent[2]. It shortly describes adsorption physicochemical quan-
interaction. Mass transfer phenomena usually prevail at lower tities and catalytic properties. The methods for the determi-
temperatures, since diffusion in solids is a temperature- nation of rate constants from experimental chromatograms
activated process. On the other hand, gas—solid chromatogare related to the peak area (zeroth statistical moment), to
raphy is also closely related to diffusion in solids and chem- higher moments or to fitting procedures using numerical
ical kinetics. In heterogeneous catalysis, the competition be-solutions of the model partial differential equations. The
tween kinetics and mass transfer is usually indirectly in- latter can be used in principle without any limitation, but
vestigated, e.g., from the temperature variation of the cat- the evaluations are still cumbersome, even with large com-
alytic activity. The development of a gas chromatographic puters. Their importance will probably increase in the fu-
methodology capable to directly determine which one of ture, numerical algorithms especially designed for the solu-
the above-mentioned processes prevails in a particular tem-ion of chromatography models having been compared and

discussed3].
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“inverse gas chromatography” since the stationary phase isquantity was measured by the reversed-flow method until
the object of the investigation. It is an integral method of ki- 1999, when time distribution of adsorption energies, local
netic measurements, since the chromatographic band appeansionolayer capacities and local isotherfig], probability

as a result of integrating the various physical and chemi- density functions for adsorption energi@ds], surface dif-

cal phenomena are taking place by passing the reacting sysfusion coefficient§14], lateral molecular interaction on the
tem through the whole column, and exposing only the in- solid surfacg15], adsorption rates with lateral interactions
tegral result in the form of an elution band. What details [16], and surface enerdjL7], all the above been measured
are hidden under this band is difficult, if not impossible, to on heterogeneous surfaces, as a function of the observation
see, particularly the heterogeneity effects of the solid cat- time.

alyst. It rather resembles a kinetic experiment in a closed In this domain belongs the object of the present work
glass vessel, analyzing the resulting mixture when a con- namely, the presentation of a novel aspect of RF-GC for the
siderable time period has passed. Of course, some correcinvestigation of the competition between mass transfer and
tions can be made by an extrapolation to infinite dilution kinetics. The well-studied dissociative adsorption (dispropor-
and zero carrier gas flow-rate, as explained in a bddk tionation) of CO to CQ over a typical solid catalyst of pure
These are, however, only corrections and not experimentalrhodium supported on SiQat three different temperatures
facts. is used as a model system.

In order that adifferential methods employed to mea- Moreover, another thing never done before, as far as we
sure rates of physicochemical phenomena entering the are&now, is the simultaneous detection and measurement of both
of time-resolved chemistry, the traditional chromatographic reactant CO and product G@t various chosentimes, and the
procedure has to be abandoned, without abandoning the chroealculation from them of all the physicochemical quantities
matographs. The first such idea occurred to Phillips in 1967 mentioned before, pertaining to the heterogeneous surface of
[5], who stopped the carrier gas flow, i.e., the chromatogra- the catalyst.
phy, and then restored it after a short time period, repeatedly.

The differential rate of a catalytic reaction is measured tak-

ing place on the stationary phase of the column. Probably, the2. Experimental

main drawback of the method is that it continuously switches

the system under study from a flow dynamic one to a static  The experimental set-up of the RF-GC method can be
system and vice versa. found in previous work2,12,13]

There is another way to remove the phenomenon of chro- A small volume (1 cr at atmospheric pressure) of the
matography from our experiments, retaining all chromato- CO adsorbate gas (from Linde A.G., Greece, 99.97% pure)
graphic components (carrier gas, injectors, detectors, integra-was injected at the end of the solid bed [0.15 g of 3% (w/w)
tors, etc.), by simply placing the solid material (adsorbents, rhodium supported on silica gel 60 of Meraks 0.063 mm,
catalysts, etc.perpendicularto the direction of the carrier ~ 70-230 mesh ASTM]. The diffusion column had a length of
gas flow, which runs at a distance above it, but not through L; =70.0 cm, and was connected to the solid bgd 1.0 cm,
it. The method is termed reversed-flow gas chromatographywhich contained the catalyst. Both sections had an i.d. of
(RF-GC), because it samples the reacting system from time5.3 mm. The sampling column wés |’ =38.0cm long and
to time by simply reversing the direction of the carrier gas 5.3 mm wide.
flow (for 2-60s) and then returning it to its original direc- The carrier gas (99.999% He from BOC Gases, Greece,
tion. This procedure samples the gaseous phase above thdried with silica gel) was running with a flow-rate of
solid surface, the sampling appearing in the detector as shargs8.2 cnt min—1, while a column filled with 7.6 g of silica gel
very narrow peaks, like those of Fig. 2 in the revi¢y. 80-100 mesh from Supelco, of length (45 cmx 5.3 mm
Each “sample peak” like those is a differential sampling with i.d.) was used for the separation of reactant CO and prod-
respect to time referring only at the time when the reversal uct CO. The separation columid was connected before the
was made, and integrating the concentrations only within the detector. All columns were conditioned by heating them in
time period of the few seconds that the reversed flow lastedsitu at 743K, for 20 h, under carrier gas flow. After that,
(2-605s). the temperature was regulated at a lower working value,

If the sample peaks described above are mixtures of moreand by means of the valve included in the system the di-
than one substance, they can be analyzed by another classiection of the carrier gas flow through the sampling column
cal separation column, placed before the detector, as showrwas reversed for 5s every 2 min. Following each flow re-
in Fig. 3 of ref.[2]. A typical example is the reactant A versal, two very narrow (2.5s at half-height) and symmet-
and the product B of the phenomenon-AB, like dehy- rical sample peaksf CO and CQ of considerable heights
dration of alcohold6], catalytic deaminatiofii7], catalytic H (cm) above the continuous signal were recorded. A se-
cracking[8], hydrodesulfurization reactiorf®], methana- ries (32—38) of such pairs of peaks was obtained, the height
tion of carbon monoxid§L0], etc.[11]. However, apartfrom  of which together with the timé (min) of the correspond-
reaction rate constant, adsorption/desorption rate constantsng flow-reversal were printed by a C-R6A Shimadzu Chro-
and overall adsorption isotherms, no other physicochemical matopac.
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3. Theoretical and calculations calculatesa; and therDy by Eq.(3). From Eq.(6) one finds
kikr, and from Eq.(7) kikokr. Division of the latter two
givesky. Subtraction of that fronk already found give&g,
and finally dividingkikr by that results irky. Thus,Dy, kg,

As regards the mathematical model, and the solution of ky, kg are all obtained directly from the paramet8isAy, Az
the system of partial differential equations resulting for the andBg, By, B3 of Eq. (1), as determined by non-linear least
reactant (CO in the present work), these have been recentlysquares fitting of the experimental paitst to that equation.
published more than ond¢&4,16—19] Only the final result, Relevant PC programs for these calculations have recently
the meaning of the various symbols, and some intermediatebeen publishefil6—19]

3.1. The reactant carbon monoxide

equations are needed for the product,Gibalysis and are
repeated here.

The sample peaks heigHtresulting from the flow rever-
sals at various timesand printed by the recording system
follows Eq.(27) of ref. [16]:

3 3
HYM =" A exp(Bit) = ¢G> AP exp(Bit)
i=1 i=1

1)

whereM is the response factor of the detectis the cali-
bration factor of the detector (height in cm per concentration
in mol cm3) andG is given by:
G—.- naaiaz
V(a1 + a2 + a2Q02)

na being the amount of injected CO (moW) js the volumetric
flow-rate of the carrier gas (chmin—1), and
2D, 2D, . _ 2ayL;
L3’ L2’ a:Ly

)

a1 = ap = 3)

D, andDy denoting the gaseous diffusion coefficient of re-
actant in volumez andy, respectively, coefficierdy anda,
being the free cross sectional areas inytla@dz coordinate,
respectively. The J,a, B; are physicochemical parameters with

the following contenf{16]:

40 B? +kBy . 0 B3 +kBp _
17 (Bi—Bo)(Bi—Bs) % (Bo— B1)(B2— B3)'
B% + kB3
Ag= > @)
(B3 — B1)(B3 — B2)
o102
(B1+ B2 + B3) L= Tt a0 5)

a0k + (a1 + a2 Q)k1kr

B1Bo+ B1B3+ BoB3 =Y, =
a1+ oz +a20

(6)

a1+ a0
a1 taz+a20
The ki, ko andkr are the rate constants for the adsorption

—B1By2B3 =71 = kikokr (7)

isotherm, the first or pseudo first-order surface reaction of

CO to CQ, and the adsorption/desorption on the bulk solid,
respectively, whil&k=ks +kg.

The value ofk is found from Eq.(4) by combining any
two of them. Then, using this value in E(p), one easily

Having carried out the previous calculations, all other
physicochemical quantities pertaining to heterogeneous sur-
faces and recently summariz¢20] can easily be found,
namely, time distribution of adsorption energies, local mono-
layer capacities, and local isotherf@g], probability density
function for the adsorption enerd¥3], lateral molecular in-
teraction on the surfacg&5], surface diffusion coefficients
[14], adsorption rates with lateral interactiofi$], surface
energy[21], etc.

3.2. The product carbon dioxide

The mathematical model describing the product of achem-
ical reaction on the chromatographic material (catalyst) is
somehow different from that of the reactant for the following
reasons: (a) the product is not injected initially onto the solid
bed as was done with the reactant; (b) the product is con-
tinuously produced from the reactant while all experimental
manipulations are conducted; (¢) the mathematical equations
include a surface concentration of the reactant continuously
changing with place and time in the solid bed.

The rate of change of the product €@ the empty of
solid sectioreis:

2
) 0 ch
72

wherecz, is the concentration of C£in the gas (mol cmd)
andDy, its diffusion coefficient in the carrier gas. The Laplace
transformation with respect to(parametep) of the above
equation is taken under the initial conditi@a, (0, 2)=0.
Then, the transformation is doubled with respe&(oaram-
eters), and after simple algebraic manipulationsiitis inversed
with respect tes giving

aczp _
o

(8)

zp

C.,(0)

Cp(L1) = C.p(0) coshyipz + sinhgipz 9)
where the capital letteC,, represents the transformed
Cgp, C(0) refers taz=0, C,(0) = (dCp/dz)._¢, andgip =
\/ P/ Dzp.

Eq.(9)is simplified as beforfl6] leading to the following
result analogous to E¢8) there:

_uCp(l', p)

= (10)
sz‘]lp

Czp Sinhq1pZ
whereu is the linear flow velocity (cms!) of the carrier gas
in the sampling column, an@p(l’, p) thet Laplace trans-
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form of the measurable concentratigy{l’, t) of CO; in this
column.

The next equation is that describing the product,@®©
the gaseous phase of the sectydilled with the catalyst:

dc 0] 326 P ds
which is exactly the same as Kg) of ref.[16]. Her isthe

concentration in the gas phase of regiofmol cnmi>), Dy
the effective diffusion coefficient in the solid bed (&s1?1),
krp the rate constant for adsorption/desorption on the bul
solid catalyst (31), as the amount of the catalyst per unit
length of the bed (g crmt), ay the free cross sectional areain
the bed (crf), Csp the adsorbed concentration of the product
(molg™1), andc;‘Io its local adsorbed equilibrium concentra-
tion on the solid at time.

The concentration change of the adsorbed, GOde-

scribed by an equation again analogous to that of the reactan

(Eq. (3) of ref. [16]), the only difference being the last term
on the right-hand side, now beingzts instead of-kacs, the
surface concentratiory being again that of the reactant CO:

aCSp
ot

Herek; is the rate constant of the reaction for the trans-
formation of CO to CQ, incorporated already in Secti@nl
for the reactant.

To solve the system of the two partial differential Eqgs.
(11) and(12), only the isotherm equation of the reactant is
required (Eq(4) of ref. [16]):

= kRp(Czp — csp) + kocs (12)

(13)

t
k=2 -kl/ cy(r)dr
ds 0
wherec} is the equilibrium concentration on the solid at time
t of the reactantk; the isotherm rate constant already cal-
culated in Sectior8.1, ¢, the gaseous concentration of the
reactant anad a dummy variable for time (s).

The relation between of Eq. (13) above ands of Eq.
(12) is found by writing an equation analogous to Et2)
for the reactant:

8C5

o (14)

= kR(C; - Cs) — kocs
If one writes an isotherm equation for the product exactly
the same with Eq(13) of the reactant, the system of Egs.
(11)—(14)can be solved obtaining an equation for the prod-
uct analogous to Ed1) of the reactant, the only difference
being the range of indexn the summation, which becomes

Table 1
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i =1-5 for the product. The experimental facts for the prod-
uct, being the paird, t of peak height and the respective time,
can be used with a PC program similar to that already used
for the reactant, but with five exponential teriysexp Bit)

in Eq. (1). Such a non-linear least squares fitting of the ex-
perimental data, however, is not highly acceptable, leading to
tremendous errors and a very poor repeatability. This is ex-
pected since, proper errors of the final resultis; okgr, ko and

Dy (cf. Table J) should be based on the principle of propaga-
tion of errors involving five values o4 (i =1-5) of Eq.(1).

Kk Only recently, such a calculation was tried with1-3, i.e.,

with six independent variables and their errors in a study of
diffusion and adsorption coefficients in porous solids. It was
found that the standard error bj, is about 3%, whereas that
of the sumkr + ko about 10%. The results are under prepa-
ration for publication. For this reason a steady-state approx-
imation for the adsorbed produciy, is adopted in Eq(12),

pamelyacsg/at =0, physically logical since the adsorbed £0

is produced from the adsorbed CO as tépiy indicates, and
disappears whery, > cg,towards the gas phase as E4<)
and(11)show. A similar steady-state approximation has been
adopted beforf22]. Here, it probably implies thak,, of Eq.
(12) is larger tharky, but this cannot be tested experimen-
tally, sincekrp cannot be calculated &g, given inTable 1
and referring only to the reactant.

As was done with Eq8) for the product in the regionof
the diffusion column, the time Laplace transforms (parameter
p) are taken for EqQq11)—(14)with initial conditions
cyp(0, y) = ¢sp(0, y) = ¢s(0, y) =0 (15)
with the following results, using capital letters for the trans-
formed functions, and after some rearrangements. From Eq.
(11) one obtains

d2 Cyp _ P
dyz Dyp

krp as
Dyyp ay

Cyp— (Csp— Cgp) (16)

From Eq.(12), after a steady state assumptiimgy/at =0
for csp, there results

From Eq.(13)
) C
C;:ai.kl.iy (18)
as p

Dynamic adsorption rate constakt, adsorption/desorption rate constnt first-order rate constam of surface production of COfrom CO, and total
diffusion coefficients in the solid bed for the adsorbate ©¢)(as well as its dissociation product €(Dyp).

T(K) ki (1074s71) kr (1073571 ko (1073s71) Dy(10~%cmPs™) Dyp(10~4cn? s71)
473.2 151 312 3.64 2.15 1.69
573.2 699 051 6.83 2.95 5.40
598.2 754 0.056 6.02 3.12 2.44
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and from Eq(14) referring to the reactant the solid bed, been closedyat Lo:
krC% (acyp> .
Co= ———— 19 —_ = 0 = Cyp(0)g2pSinhgzpL2
i (19) v ), w(9)g2p p
the meaning oky, kr andkz having being explained in Sec- + C}5(0) coshyzpLy — qusz (24)

tion 3.1for the reactant.
Substituting the right-hand side of Ed.9) for Cs in Eq.

(17), and the resulting right-hand side fiagy(Csp — C%p) in The last term arises by the differentiation of the integral in
Eq. (16), one obtains Eq. (22) according to Leibniz’ rule, after the approximation

sinhgzpw ~ g2pw mentioned before.

So far one is left with Eq(10), valid for sectionz and
Eq. (24)for sectiony. To join these equations, the boundary
conditions az=L; andy= 0 are required, which simply are

ds kRkZC;
Dypay P + kR + k2

2
d“Cyp _ P
dy? Dyp

. Cyp —

(20)

Finally, Eq.(18) being substituted above faf; gives

. 9Cp
dZCyp 2 klkRkZCy Czp(L]_) = C}p(o) and azDZp . ( az )Z_Ll

2w _ 200 (1)
dy2  dertop Dypp(p + kr + k2)

= ayDypC;,(0) (25)
whereg5, = p/Dyp
c orI1E c(qégr{a)t?cl)\lizs th:ndfhiegiiggisfégﬁ(?:ri?;?%pgdt%%t co The left-hand sides of these relations are both found di-
reactant CO fé’; any time and on any point of the catalyst rectly from Eq.(10), and if the results are substituted for
b / -
bed, in terms of three rate constakisky, kr of the reactant, Cyp(0) andCyp(O) in Eq.(24), there results

and the effective diffusion coefficiemly, of the product in _ G2L2Cy . ( q2p

the bed. Cp (1, =
e be p( P) Cllpsz

To make the differential Eq21) more specific with re-
spect to the length coordinateand the timet, one must a, -1
solve it for these two independent variables. It is already an +_—— coshyaply - COSthpLZ) (26)
equation transformed with respect to time as regards the two yeop
gaseous concentrationg, andcy. It remains to transform it
with respect to lengtki (parametes), then, after some neces-
sary manipulations to take the inversgansformation, and e fiow reversals in the sampling column from time to time,

finally end with the inverse transformation, to obtain the g guantities inside the parenthesis belonging to the product.
concentrations of both reactant and product as functions of 5 ;iside there remain defined by Eq(23), andC,, which
the eerrlmentaI time, valid for a specific point of the solid  yegcripes the concentration of the reactant in the gas phase in
bed ¢/=0). . . the solid bed region. It was from this quantity that Ex).for

The result of the first two procedures is the reactant was derived, as described in detail in[t6¥.

C/vp(o) _ The relevant equation there [Hd.2)] is, for y=L:

Cyp = Cyp(0) coshyzpy + ;12 - sinhgzpy ,
p

Sinhqlle . SinhquLz
v

This relation gives the measurable concentration t(its
Laplace transform) of the produ€(l’, p) as sampled by

cy(0)
C, = Cy(0) coshyaLy + —— sinhgaLo (27)
o [ sinhgopw d 29 i ’ q2
- — - Cy(y — w)dw
qr/o q2p = w) (22) g having been defined as:
whereCyp(0) refers toy=0, C',(0) = (dCyp/dy),_, 2 1 n kikr(p + k2) (28)
- ' 2=, T btk k)
2
4qr Dypp(p + kr + k2) (23) Eq. (10)is also valid for the reactantl(6], Eq.(8)):
andqzp = /p/D)yp as before, whereas the last term of Eq. ¢, = M sinhq1z (29)
(22) is a convolution between sighpy andCy, i.e., a term D:q1

belongi_ng tg the product_ an(_j a_nother to th_e rt_aactant. A Usualwhereql — /p/D; and this leads us to handle equations for
approximation adopted in similar wofR2] is sinhgx~ gx, the reactant analogously to E&5), namely:
i.e., to retain the first two terms of the McLaurin expansion

of sinhgx(the first termis 0). If this is done in the lastterm of /.y _ ¢ ) and a.D. - <3Cz)
Eq. (22), and then the derivative of the whole equation with ’ 0z ) .1,
respect toy is taken, this fory=L, can be set equal to zero,

_ /!
since there can be no flux of product towards the outside of = ayD,C,(0) (30)

Y
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The left-hand sides of these relations are obtained directly coshgi L1 - sinhgz L2
from Eq.(29), and the results are substituted @y0) and

1. .
C',(0) in Eq.(27), giving. =5 [sinhg1L1 + g2L2) — sinhig1L1 — g2L2)]
/
1
c, = vel’, p) -sinhq1L1 - coshgaLo ~ 5 [(q1L1 + q2L2) — (9111 — q2L2)] = 2L
i D;q1
. ») (35)
a,vC({l', p .
+W - coshyy Ly - SinhgaLz (31) Substituting the final results of Eq&2) and(33)into Eq.
(26), and Egs(34) and(35) into (31), to be further used also
This equation must be substituted @yin Eq.(26), form- in (26) for Cy, one finds, after rearrangements
ing the complete dependence of the product concentration on ) ) ’ UTp
the time variable. It seems that a very complicated expressionCp(l'. p) = C(', p) (36)

will result, and looks rather hopeless to try the inverse Laplace Plp+krt+kz) p+Tp
transformation with respect fmof such an expression, sothat  whereC(l’, p) is thet transform of the reactant concentration
co(l’, 1) is obtained. The situation, however, may be highly as measured after flow-reversals by its peak heightss
simplified if one approximates the hyperbolic functions sinh  Ed. (1) shows,Cp(l’, p) being the respective peak heights
and costx by transforming their products as previously pub- Hp of the product measured simultaneoustys kikzkrL2
lished[14], and then expand the results in McLaurin series, all referring to the reactant) =ayL1/a;Dz + L2/Dy referring
retaining only the first two terms. More specifically, starting also to the reactant through its diffusion coefficieBtsand

from the products of two hyperbolic functions of Eg6)one Dy in sectionsz andy, respectively; and
obtains. 1 12 L 1 12
. . T (37)
sinhgipLy - sinhgopLo Tp 2 ag Dy 2Dy
1 .
=3 [cosh@lle + goplL2) — coshipLy — quLz)] According to Eq(18) of ref. [16]
2 cttr) _ © (38)
N% 1+w_1 p(p+krt+ka) PP+ X1p2+Yip+ 71
whereG has also been defined here by &), andXy, Y1, Z;
(q1pL1 — g2pL2)? are given by Eq955)—(7), respectively. Substituting E¢38)
_ P > P ] = g1pL1g2pL2 (32) to Eq.(36), and performing elementary algebra, one obtains
GK'UTp
Cp(l/» p) = 4 3 2
p*+(Tp + X1)p° + (X1Tp + Y1)p
coshgipLy - coshgzpLz +(Y1Tp + Z1)p + Z1Tp
1
=5 [cosh@1pL1 + g2pL2) + cosh@ipLi — g2pL2)] = GK'UTp (39)
(p — B1p)(p — B2p)(p — Bsp)(p — Bap)
2
~ L 14 (q1pL1 + g2pL2)” +1 whereG is given by Eq(2), K, U, Tp have been defined after
2 2 Eq. (36), andBip, Bzp, Bap, Bap are the roots of the polyno-
) ) ) mial in the denominator. According to elementary algebraic
i (91pL1 — g2pL2) 14+ (q1pL1) + (92pL2) knowledge, relations analogous to those of the reactant, i.e.,
2 2 2 Eqgs.(5)—(7)are valid here:
(33)
Tp + X1 = —(Bip+ Bap+ Bap + Bap) = X2 (40)

In an analogous way, the two hyperbolic functions of Eq. X17p + Y1 = B1pB2p + B1pB3p + BipBap + B2pB3p
31) give
(319 + BopBap + BapBap = Y2 (41)
sinhgy L1 - coshga Lo
1., ) Y1Tp + Z1 = —(B1pB2pB3ap + B1pB2pBap + B1pBapBap
=5 [sinhg1L1 + g2L2) + sinhg1L1 — g2L2)]
+ BopBapBap) = Z> (42)

1
~ 5 [(g1L1+ q2L2) + (q1L1 — g2L2)] = q1L1
(34) Z1Tp = B1pBopB3pBap = W2 (43)
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Taking thep inverse Laplace transformation of E§9), can be hydrogenated at relatively low temperatures, whereas

easily found in tables, one has graphitic carbon is quite unreactive towards hydrogen. In
ap Ijhe pr(_a_senté?h/Si,@cata!yst.}.it hals b.etfaln found tr;]at cart_)qn

, , eposition does not significantly influences the activity

Coll’.1) = Gk UTp Z AjexpB;i) (44) towards CO disproportionatiq@4], and this fact is probably
J=1p related to the form of the surface deposited carbon.

which is analogous in form to E{l) of the reactant, but with Two factors are found to affect the dissociation reactions
four exponential functions of time amji been only functions [24]. The first is the electronic factor: it has been found ex-
of B, e.g., perimentally that the reactivity of transition metals for dis-
sociation decreases from left to right in the periodic table.

A1p = [(B2p — B1p)(Bsp — B1p)(Bap — B1p)] * (45) The reactivity of metals for dissociation reactions is corre-

lated with the metatl band center. The second factor is the
geometrical one: both experimental and theoretical studies
show that dissociation reactions occur much more efficiently
on corrugated surfaces than on flat surfaces.

with analogous expressions fBpp, Agp, andAqp [23]. As
before, the sample peak heights are analogouSy(b, t)
with a proportionality constarg, so that

4p Rhodium is expected to be very active towards CO dissoci-
HYM _ goGK UTp Z A;exp(B;t) (46) ation due to the electronic factor. Furthermore, its deposition
P i=1p on aporous solid such as silica combined with the used exper-

. _ imental conditions (high temperatures) result in a corrugated
whereM is the response factor of the detector, according to syrface. Consequently, a higher dissociation activity due to

its type. the geometrical factor is expected for supported RSSO

A PC program analogous to that used for calculations especially at higher temperatures.
based on Eqg1)—(7) can be employed for Eq$40)—(46) Itis generally assumed that there is a competition between
starting from findingAj andB; by non-linear least squares  mglecular and dissociative adsorption. Molecular adsorption
fitting of the pairsHp, t belonging to the product CO It of COiis relatively strong on many noble metal surfaces. Con-
is to be noted that the expressigsgGKUTp in front of the  sequently, CO may undergo both dissociative and molecular
summation is independent of time. adsorption on the same surface depending on experimental

From Eq.(46), itis clear that the only physicochemicalin-  conditions. Itis often observed that molecular adsorption pre-
formation available from fitting the experimental data to the yjijls atlower temperatures and dicossiative adsorption occurs
theoretical Eq(44) comes from the exponential coefficients  at higher temperatures. This pattern may be caused either by
of time B;, while the pre-exponential factofg are also func- kinetics or thermodynamidg4].
tions of B;. This is in contrast with Eq(4) of the reactant, Moreover, it is well known in the literature that the equi-
from which thek value is calculated. librium constant of the Boudouard reaction over noble met-

als decreases drastically with increasing temperature due to

the fact that at low temperatures CO disproportionation is
4. Results and discussion kinetically controlled, while at higher temperatures the equi-

librium controls the product compositig@4]. Furthermore,

Carbon monoxide dissociation is an important first stepin mass transfer phenomena often control catalytic processes
various catalytic processes, such as the methanation reactiorgspecially at lower temperatures. It is expected that at lower
Fisher—Tropsch synthesis etc. The most likely mechanism of temperatures mass transfer through the pores of the catalyst
CO dissociationis that of the Boudouard (disproportionation) should play an important role.
reaction[18,19,24,25] In a recent work, concerning CO dissociation over Rh, Pt

and Pt—-Rh alloy catalys{&4], it has been also found that:
2CQads) < Clads) + CO2ads) (i) CO adsorptiz)/n is tg/e {rati-determining step, followed by

According to Boudouard reaction, adsorbed CO the dissociation step, suggesting a precursor-mediated mech-
molecules, CQyqs), are dissociated on the catalyst surface, anismfor CO dissociative adsorption onthe studied catalysts,
depositing carbon, dsy and forming carbon dioxide, as well as that (ii) the surface reaction of CO on the catalyst
COyadsy The above mechanism does not exclude the active sites leading to CO dissociation to £ @llows a first
formation of other short-lived indermediate species, such asor pseudo first-order step. Thus, the assumptiorkhedlue
atomic oxygen, carbonyl species g25]. Carbon monoxide  follow a first or pseudo first order is justified (cf. Sectighn
disproportionation can lead to the deposition of carbon atthe  After the short presentation of the main conclusions con-
metal surface. Surface carbon can exist either as carbide-likecerning the CO dissociative adsorption on the studied cata-
species, as amorphous carbon or as graphite. Moreover, CQyst [24], the application of mathematical analysis presented
dissociative adsorption can be followed by incorporation in the theoretical section here for both the adsorbate CO and
into the active metal lattic§25]. These forms of surface the dissociation product GQOcan be investigated. This in-
carbon exhibit quite differing activities, e.g., carbidic species vestigation is focused on three different temperatures: at a
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lower one (200C) where CO dissociation activity is slight ~ Dissociation rate constant valués, pass through a max-
and mass transfer phenomena may prevail, and at two highefmum at 300°C. This anomalous behavior & values, in
temperatures (300 and 325) in which the disproportion- ~ contrast with the fact that dissociation reaction is expected
ation activity becomes more intense and the kinetic factor t0 be an activated process, can be explained by assuming
becomes more important. that the calculated rate constants for the dissociation of CO,
Thereis anoticeable internal consistency of the theoretical k2, are apparent ones. These are related to the true values
equations derived for the reactant [E¢8)—(7), and those  Via the equationkarue)=ko/Kgr, whereKgr is the equilib-

valid for the product [Eqs(40)—(43). For example, thé,, rium constant for the Boudouard reaction. Itis well known in
B>, B3 values calculated from the experimental sample peaksthe literature that the equilibrium constant of the Boudouard
of CO at 300 C have been found, respectively, 3:6302, reaction,Kggr, over noble metals decreases drastically with

0.428, 0.356 mint, and theByp, B2p, Bap, Bap values found increasing temperature due to the fact that at low tempera-
from the sample peaks of the product £i®the same exper-  tures CO disproportionation is kinetically controlled while

iment were, respectively, 1.431072, 3.47x 102, 0.418, at higher temperatures the equilibrium controls the product
0.302 mirrL. composition. Thus, a small decrease of khevalue versus

It is seen that only the value oB{p) of CO, is somehow  temperature, accompanied by a higher decrease of the equi-
different from those of CO, while thBgp, Bsp, Bap values librium constank, leads to an in increase in thgyrye)value

differ little (within the calculated standard errors) from the With temperaturg24].

B1, By, B3 values, respectively, of CO. This is predicted by Total diffusion coefficients in the solid bed for the ad-
the theoretical Eq(40) comparing it with Eq.(5). If one sorbate CODy, and for the dissociation product GMyp,
calculates the value ofp of Eq. (37) using all four pos- exhibit a behavior similar to that & andk; values, respec-
sibilities from Eqs.(40)—(43) i.e., using both theB; val- tively. Bearing in mind that surface diffusion is ordinarily
ues from CO hidden undex;, Y1, Z1, and theB; values an activation process much like liquid diffusion; its activa-
from CO, (B1p—Bap), the results obtained are similar, their tion energy is expected to be a small fraction of the heat
difference lying within the expected limits of standard er- Of adsorption. Thus, the mean activation energy va!ue for
rors. A mean diffusion coefficient in the solid b&j, for ~ CO, calculated by means of the Arrhenius equation, is only
CO; can be calculated fromip using Eq.(37), the respec-  7.1kJ mot 1, which is much lower than that of the adsorption
tive Dy for CO being similar to that of CQ as expected ~ (~61.0kJ mot ).

owing possibly to a similar adhesion of CO on the sur-  In porous heterogeneous catalysts diffusion phenomena
face. are probably more important than activation energies, as ex-
The three rate constants of the theoretical sedtiohg, pressed by the Thiele-type modulus grofp (dimension-

ko, at three different temperatures have been calculated fromless), which for spherical pellets of radiusis given by the
the experimental pairsi, t, by means of the two PC pro-  relation[26]
grams listed iMAppendices A and BThey are collected in

Table 1 together with theDy andDyp values. It should be 4 _ VS\/E
noted that it is difficult to estimate the errors of the physico- 3\ De
chemical parameters mentionedble 1, since they emerge
from a series of a rather complex calculations and the ap-
plication of the rule of propagation of errors in a long se-
guence of steps does not give reliable final errors. The fol-
lowing conclusions can be derived from the rate constants of
Table

(47)

wherek (s~tcm? g~1) is the conventional reaction rate con-
stant,o (g cn3) the density of the solid arifle (cm? s~1) the
effective diffusion coefficient of the gases in the catalytic bed.
Eq. (47) is based on two physicochemical quantities,
which are difficult to determine or calculate experimentally,

The values of the calculated CO adsorption rate constants,"e" thekandD_e, especially the second. This is usually found
from the relation

ki, are lower than the respective adsorption/desorpgn,
and surface reaction rate constarits, in agreement with . e
the results of previous studig24] that CO adsorption is e (1/Dg) + (1/Dx)

the slow rate-determining step of the overall dissociation ) o o )

process. Adsorption rate constant values increase with in-WhereDg s the diffusion coefficient of the reactant in the gas

creasing temperature. Thus, carbon monoxide adsorption i?hase andy the respective Knudsen diffusion coefficient,

a temperature-activated process. The respective mean actiWith em the macroporous void fraction in the bed.

vation energy is calculated by means of the Arrhenius equa-  FO' such3smal| particles as those in the present work

tion equal to 61.0 kI mof, which is indicative of chemisorp- ~ ('s=5x 107> cm), the effectiveness factgrof the catalytic

tion. Carbon monoxide adsorption rates drastically increase P€d: as calculatef@6] by the relation

at temperatures higher than 30D, in close agreement with 1 1 1

the observed disproportionation activiB4]. =% <tanh31> - 3¢>
The adsorption/desorption rate constant valkes,de- S s S

crease with increasing temperature. is expected to be unity.

(48)

(49)
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Table 2
Thiele-type modulugs and effectiveness factgrfor the adsorbate CO and
the product of CO disproportionation GO

T (K) Carbon monoxide Carbon dioxide

10° x &g n 10° x &g n
473.2 1.400 0.9999 7.735 0.9999
573.2 2.566 0.9999 5.924 0.9999
598.2 8.193 0.9999 8.282 0.9999

kinetics domain

(34Jr)~>

1mass transfer domain

T T T T
540 560 580 600

TIK—>

T T T
480 500 520

Fig. 1. Temperature variation of the Thiele-type modulua43-)? for the
adsorbate carbon monoxide and its dissociation product carbon dioxide, in
a semi-logarithmic plot.

The @5 provides a measure of the competition between

63

Dyp, i.€., the effective diffusivities in cAs~1 of the gaseous
reactant or product in the catalyst bed found as previously
described.

Using the values listed ifable 1found from experimental
data, one can calculatgs from Eq.(47), and from that the
effectiveness facton of the catalyst by the Eq49). The
results found by the PC programs of tAppendices A and
B are listed inTable 2and the temperature variation of the
Thiele-type modulus grou@s is shown inFig. 1

An ideal experimental value effectiveness facjaf the
catalytic bed, at the temperatures studied is found by the
method described here, using both the reactant and product
chromatographic peaks.

The results concernings show that in the case of car-
bon monoxide there is a critical temperatué00 K) below
which mass-transfer is more important than kinetics; the lat-
ter prevail at temperatures higher than 500 K. In the case of
the dissociation product (CQkinetics prevail in the whole
studied temperature range. These are important new findings
of the presented methodology, concerning the mechanism
of carbon monoxide dissociation over the studied Rh$SiO
catalyst. By using the presented GC methodology, the ques-
tion which of the two processes, mass-transfer or kinetics, is
more importantin a particular temperature can be directly an-
swered, while in conventional heterogeneous catalysis stud-
ies the competition is usually indirectly investigated from the
temperature variation of the catalytic activity. Moreover, the
presented methodology takes also into account the possible
product of the adsorbate—adsorbent interaction. Furthermore,
the methodology presented in this work can be applied not

kinetics and mass-transfer phenomena, over porous solidsonly for solid catalysts, but also generally for solids of chro-

At the limiting case where: (<lers)2 =kp/De =1, the kinetic
and the mass-transfer factors become equivalent, while when
(3®s/rs)? > 1, the kinetic factorKp) prevails and vice-versa.
Here, it can be assumed tHat=k1, in the case of the ad-
sorbate (CO), since CO adsorption is the rate-determining
step of CO disproportionatiof24], while ko =kp, in the
case of the product of dissociation (gQandDe=Dy or

matographic interest.
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Appendix A. GW-Basic Program for the calculation
of Ay and B; of Eq. (44) pertaining to the product

10 REM Calculation of Exponential Functions for the Product

20 REM Non-Linear Regression Analysis of Product

30 REM HP*(1/M)=A1P*EXP(B1P*T)+S*A2P*EXP(B2P*T)+P*A3P*EXP(B3P*T)+X*A4P*EXP(B4P*T)
40 REM HA(1/M)=A1*EXP(B1*T)+S*A2*EXP(B2*T)+P*A3*EXP(B3)
50 REM N2 = Minimum number of points of first exponential function
60 REM MAX = Square of maximum correlation coefficient

70 REM OPT = Final optional choice of variables when OPT=1

80 REM J = Number of points of first exponential function

90 REM G = Number of points of second exponential function

100 REM F = Number of points of third exponential function

110 REM K,L = First and last point of linear regression in subroutine
120 REM SA,SB = Standard errors of A and B in each linear regression
130 REM Y(I) = Ordinate for each linear regression in the subroutine
140 REM D(I)= Function for calculating the squared correlation coefficient
150 CLEAR ,,10000

160 INPUT "Maximum number of pairs of product H,T=";NA

170 INPUT "Minimum number of pairs of product H,T=";NS

180 DIM T(2*NA),H(2*NA),Y(2*NA),U(2*NA),D(2*NA)

190 INPUT "Response Factor of the Detector M="';M

200 INPUT "Length L1 of Section z(cm)="";L1

210 L1=70

220 INPUT "Length L2 of Section y(cm)="";L2

230 INPUT "External Porosity E of the Solid Bed =";E

240 INPUT "Cross Sectional Area Az(cm”2) of Empty Section L1=";AZ
250 INPUT "Cross Sectional Area Ay(cm”2) of Filled Section L2=";AY
260 INPUT "Amount of Adsorbent per Unit Length of Bed As(g/cm)=";AS
270 INPUT "Volumetric Flow Rate of Carrier Gas V'(cm”3/min)=";V0
280 INPUT "Negative Diffusion Coefficient of Product (cm”2/s)=";D1P
290 FORI=1TO NA

300 READ T(I), H(I)

310 NEXTI

320 MAX=0:0PT=0

330 FOR N=NA TO NS STEP-1

340 N2=INT(N/7+.5)
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350 REM Calculation of A1P and B1P with H,T pairs ranging from N2 to N-2*N2-3
360 FOR J=N2 TO N-2*N2-3

370 K=N-J+1

380 L=N

390 FORI=KTOL

400  Y(I)=(1/M)*LOG(H(I))

410 NEXTI

420 GOSUB 4000 :REM Subroutine for linear regression analysis

430 AIP=EXP(A)

440 BI1P=B

450 SA1P=SA

460 SBIP=SB

470 1F OPT=1 THEN 510

480 REM Calculation of A2P and B2P with H,T pairs ranging from N2 to N-J-N2-3 with both prefixes -1 or +1
490 FOR S=-1TO +1 STEP 2

500 FOR G=N2 TO N-J-N2-3

510 K=N-J-G+1

520 L=N-J
530 FORI=K TO L

540 U(D)=S*H(I)"(1/M)-S*A1P*EXP(B1P*T(I))
550 Y(I)=LOG(ABS(U(I)))

560 NEXT I

570 GOSUB 4000 :REM Subroutine for linear regression analysis

580 A2P=EXP(A)

590 B2P=B

600 SA2P=SA

610 SB2P=SB

620 IF OPT=1 THEN 660

630 REM Calculation of A3P and B3P with H,T pairs ranging from N2 to N-J-G-3 with both prefixes -1 or +1
640 FOR P=-1 TO +1 STEP 2

650 FOR F=N2 TO N-J-G-3

660 K=N-J-G-F+1

670 L=N-J-G

680 FORI=K TO L

690 U)=P*(H()*(1/M)-A1P*EXP(B1P*T(I))-S*A2P*EXP(B2P*T(I)))
700 Y(I)=LOG(ABS(U(I)))

710 NEXT I

720 GOSUB 4000:REM Subroutine for linear regression analysis

730 A3P=EXP(A)

65
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740 B3P=B

750 SA3P=SA

760 SB3P=SB

770 IF OPT=1 THEN 800

780 REM Calculation of A4P and B4P with H,T pairs ranging from 1 to N-J-G-F with both prefixes -1 or +1
790 FOR X=-1TO +1 STEP 2

800 K=1

810 L=N-J-G-F

820 FORI=K TO LL

830 U(D=X*(H()*(1/M)-A1P*EXP(B1P*T(I))-S*A2P*EXP(B2P*T(I))-P*A3P*EXP(B3P*T(I)))
840 Y(I)=LOG(ABS(U(I)))

850 NEXT I

860 GOSUB 4000 :REM Subroutine for linear regression analysis
870 A4P=EXP(A)

880 B4P=B

890 SA4P=SA

900 SB4P=SB

910 IF OPT=1 THEN 1140

920 C1=0

930 C2=0

940 C3=0

950 FORI=1TON

960 D()=H()*(1/M)-A1P*EXP(B1P*T(I))-S*A2P*EXP(B2P*T(I))-P*A3P*EXP(B3P*T(I))-
X*A4P*EXP(B4P*T(I))

970 C1=C1+D(I)"2

980 C2=C2+H(D)"(2/M)

990 C3=C3+H(D)"(1/M)

1000 NEXT I

1010 R=1-C1/(C2-C3”2/N)

1020 IF R>MAX THEN MAX=R:SMAX=S:PMAX=P:XMAX=X:JMAX=J:GMAX=G:FMAX=F:NMAX=N
1030 PRINT MAX

1040 NEXT X

1050 NEXT F

1060 NEXT P

1070 NEXT G

1080 NEXTS

1090 NEXT J

1100 NEXT N

1110 SSSMAX:P=PMAX:X=XMAX:J=JMAX:G=GMAX:F=FMAX:N=NMAX:0PT=1
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1120 GOTO 370

1130 LPRINT

1140 LPRINT "Intercept Ln(A1P) and its Standard error =";LOG(A1P) "+-"SA1P
1150 LPRINT "Slope B1P and its Standard error=";B1P "+-"SB1P

1160 LPRINT

1170 LPRINT "Intercept Ln(A2P) and its Standard error=";LOG(A2P) "+-"SA2P
1180 LPRINT "Slope B2P and its Standard error=";B2P "+-""SB2P

1190 LPRINT

1200 LPRINT "Intercept Ln(A3P) and its Standard error=";LOG(A3P) "+-"SA3P
1210 LPRINT "Slope B3P and its Standard error=";B3P "+-""SB3P

1220 LPRINT

1230 LPRINT "Intercept Ln(A4P) and its Standard error=";LOG(A4P) "+-""SA4P
1240 LPRINT "'Slope B4P and its Standard error=";B4P "+-"SB4P

1250 LPRINT

1260 LPRINT "Square of maximum correlation coefficient r*2=";MAX

1270 LPRINT "Optimum values of N of product="";NMAX

1280 LPRINT "Optimum numbers of points for Ist, 2nd,3rd,4th exponential
functions,respectively=";JMAX","GMAX","FMAX"and"N-JMAX-GMAX-FMAX
1290 LPRINT "Values of S,P and X,respectively ="; SMAX","PMAX"and"XMAX
1300 LPRINT

1310 X2=-(B1P+B2P+B3P+B4P)

1320 LPRINT "Value of X2=-(B1p+B2p+B3p+B4p) in 1/min=";X2

1330 END

4000 REM Linear regression of Y(I) = A + B T(I)

4010 S1=0

4020 S2=0

4030 S3=0

4040 S4=0

4050 S5=0

4060 FORI=KTOL

4070 S1=S1+T(I)

4080 S2=S2+T(I)"2

4090 S3=S3+Y(I)

4100 S4=S4+Y()"2

4110 SS=SS+T1)*Y(I)

4120 NEXT I

4130 Z=L-K+1 :REM Number of points for the linear regression analysis

4140 M1=S5-S1*S3/Z

4150 M2=S2-S1°2/Z

4160 M3=S4-S3"2/Z

4170 A=(S3-S1*M1/M2)/Z

4180 B=M1/M2

4190 SYT=SQR(ABS(S4-A*S3-B*S5)/(Z-2))
4200 SA=SYT*SQR(S2/Z/M2)

4210 SB=SYT/SQR(M2)

4220 RETURN
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Appendix B. GW-Basic program for the calculation

of A; and B; of Eq. (1)b pertaining to reactant, and of
physicochemical quantitiesky, kg, k2, Dy, Dyp, @5 and
7.

10 REM Calculations for the Reactant Adsorbed on Heterogeneous Surfaces
20 REM Non-Linear Regression Analysis of Function:

30 REM HA(1/M)=A1*EXP(B1*T)+S*A2*EXP(B2*T)+P*A3*EXP(B3*T)
40 REM N2 = Minimum number of points of first exponential function

50 REM MAX = Square of maximum correlation coefficient

60 REM OPT = Final optional choice of variables when OPT=1

70 REM J = Number of points of first exponential function

80 REM G = Number of points of second exponential function

90 REM F = Number of points of third exponential function

100 REM SA,SB = Standard errors of A and B in each linear regression

110 REM Y(I) = Ordinate for each linear regression in the subroutine

120 REM U(I)= Variable remaining by removal of the previous one,or two exponential functions
130 REM D(I)= Function for calculating the squared correlation coefficient
140 CLEAR ,,10000

150 INPUT "Maximum number of pairs H,T=";NF

160 INPUT "Minimum number of pairs H,T=";NS

170 DIM T(NF),H(NF),Y(NF),U(NF),D(NF)

180 INPUT "Response factor="";M

190 INPUT "Temperature in K=";T0

200 INPUT "Lenth L1(cm) of Section z=";L1

210 INPUT "Length L2(cm) of Section y=";L2

220 INPUT "External Porosity E of the Solid bed=";E

230 INPUT "'Cross sectional area Az(cm”2) of Empty Section L1 =";AZ

240 INPUT "Cross Sectional Area Ay(cm”2) of Filled Section L2="";AY

250 INPUT "Amount of Adsorbent per Unit Length of Bed AS(g/cm)=";AS
260 INPUT "Volumetric Flow-rate of Carrier Gas V'(cm”3/min)=";V0

270 INPUT "Negative Diffusion Coefficient of Gaseous Reactant (cm”2/s)=";D1
280 INPUT "Negative Diffusion Coefficient of Product in the Gas(cm”2/s)=";D1P
290 INPUT "Amount of Reactant injected NB(mol)="";NB

300 INPUT "Sum of -(B1p+B2p+B3p+B4p)=X2 for the product=";X2

310 INPUT "Radius of Catalyst Particle (cm)=";RS

320 FORI=1TONF

330 READ T(I), H(I)

340 NEXTI
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350 MAX=0:0PT=0

360 FOR N=NF TO NS STEP -1

370 N2=INT(N/6+.5)

380 REM Calculation of A1 and B1 with H, T pairs ranging from N2 to N-N2-3
390 FOR J=N2 TO N-N2-3

400 K=N-J+1

410 L=N

420 FORI=KTOL

430  Y(I)=(1/M)*LOG(H(I))

440 NEXTI

450 GOSUB 4000 : REM Subroutine for linear regression analysis

460 AI=EXP(A)

470 B1=B

480 SAI1=SA

490 SBI=SB

500 IF OPT=1 THEN 540

510 REM Calculation of A2 and B2 with H,T pairs ranging from N2 to N-J-3 and both prefixes -1 and +1
520 FOR S=-1TO +1 STEP2

530  FOR G=N2 TO N-J-3

540 K=N-J-G+1

550 L=N-J
560 FOR I=K TO L

570 U(D)=S*H(I)"(1/M)-S*A1*EXP(B1*T(I))
580 Y(I)=LOG(ABS(U(I)))

590 NEXT I

600 GOSUB 4000 : REM Subroutine for linear regression analysis

610 A2=EXP(A)

620 B2=B

630 SA2=SA

640 SB2=SB

650 IF OPT=1 THEN 680

660 REM Calculation of A3 and B3 with H,T pairs ranging from 1 to N-J-G, with both prefixes -1 and +1
670 FOR P=-1 TO +1 STEP 2

680 K=1
690 L=N-J-G

700 FOR I=K TO L

710 UD=P*(H(I)*(1/M)-AT*EXP(B1*T(1))-S*A2*EXP(B2*T(I)))
720 Y(I)=LOG(ABS(U(I)))

730 NEXT I
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740 GOSUB 4000 : REM Subroutine for linear regression analysis

750 A3=EXP(A)

760 B3=B

770 SA3=SA

780 SB3=SB

790 IF OPT=1 THEN 990

800 C1=0

810 C2=0

820 C3=0

830 FORI=1 TO N

840 D()=H(I)"(1/M)-A1*EXP(B1*T(1))-S*A2*EXP(B2*T(I))-P*A3*EXP(B3*T(I))
850 C1=C1+D()*2

860 C2=C2+H(1)*(2/M)

870 C3=C3+H()*(1/M)

880 NEXT I

890 R=1-C1/(C2-C3"2/N)

900 IF R>-MAX THEN MAX=R:SMAX=S:PMAX=P:JMAX=J:GMAX=G:NMAX=N

910 PRINT MAX

920 NEXT P

930 NEXTG

940 NEXTS

950 NEXT J

960 NEXT N

970 S=SSMAX:P=PMAX:J=JMAX:G=GMAX:N=NMAX:0PT=1

980 GOTO 400

990 LPRINT "Intercept Ln(A1) and its Standard error=";LOG(A1) "+-"SA1
1000 LPRINT "Slope B1 and its Standard error=";B1 "+-"SB1

1010 LPRINT

1020 LPRINT "Intercept Ln(A2) and its Standard error=";LOG(A2) "+-""SA2
1030 LPRINT '"Slope B2 and its Standard error=";B2 "+-"SB2

1040 LPRINT

1050 LPRINT "Intercept Ln(A3) and its Standard error=";LOG(A3) "+-""SA3
1060 LPRINT '"Slope B3 and its Standard error=";B3 "+-"SB3

1070 LPRINT

1080 LPRINT "Square of maximum correlation coefficient r*2=";MAX

1090 LPRINT "Optimum value of pairs N=";NMAX

1100 LPRINT "Optimum values of points for 1st, 2nd and 3rd exponential functions
,respectively=";JMAX","GMAX"and""N-JMAX-GMAX

1110 LPRINT "Values of S and P, respectively ='"";SMAX"and"PMAX
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1120 LPRINT

1130 REM Enter DATA in lines 3000-3040 in the order H(peak height), T(min)
1140 A1B=A1*(B1-B2)*(B1-B3)

1150 A2B=A2*(B2-B1)*(B2-B3)

1160 A3B=A3*(B3-B1)*(B3-B2)

1170 A31=A3B/A1B:A21=A2B/A1B

1180 K31=(B3/2-A31*B12)/(A31*B1-B3)

1190 K21=(B2"2-A21%B1°2)/(A21*B1-B2)

1200 KAV=(K31+K21)/2

1210 X1=-(B1+B2+B3)

1220 Y1=(B1*B2+B1*B3+B2*B3)

1230 Z1=-(B1*B2*B3)

1240 AA1=2*D1*60/L1"2

1250 Q2=2*L2*AY*E/AZ/L1

1260 INVAA2=1/(X1-KAV)-(1+Q2)/AA1:AA2=1/INVAA2

1270 D2=AA2%L2"2/2

1280 TD=X2-X1

1290 INVAA2P=1/TD-(L1"2/2+AY*L1*L2/AZ)/(D1P*60)

1300 AA2P=1/INVAA2P

1310 D2P=L2"2*AA2P/2

1320 AQI=AA1+AA2*Q2:AQ2=AA1+AA2+AA2*Q2

1330 KIKR=(Y1*AQ2-AA1*AA2*KAV)/AQ1

1340 K1IK2KR=Z1*AQ2/AQ1

1350 K2=K1K2KR/K1KR

1360 KR=KAV-K2

1370 K1=K1KR/KR

1380 LPRINT "Coefficient for Isotherm Integration k1 in 1/s=";K1/60
1385 LPRINT

1390 LPRINT "Adsorption/Desorption Rate Constant kR in 1/s="";KR/60
1395 LPRINT

1400 LPRINT "Surface Reaction Rate Constant k2 in 1/s=";K2/60

1410 LPRINT

1420 LPRINT "Total Reactant Diffusion Coefficient in Bed Dy(cm”2/s)=";D2/60
1430 LPRINT

1440 LPRINT "Total Product Diffusion Coefficient in Bed Dyp(cm”2/s)="";D2P/60
1450 A=A1/B1+A2/B2+A3/B3

1460 G1=ABS(V0*A/NB)

1470 LPRINT

1480 LPRINT "Calibration Factor of Detector g in cm per mol/cm”3=";G1
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1490 LPRINT

1500 FSDY=RS*SQR(K2/D2)/3

1510 TANHDY=(EXP(3*FSDY)-EXP(-3*FSDY))/(EXP(3*FSDY)+EXP(-3*FSDY))
1520 HTADY=(1/TANHDY-1/3/FSDY)/FSDY

1530 LPRINT "Thiele-type Modulus Fs(Dimensionless) Based on Dy=";FSDY
1540 LPRINT "Effectiveness Factor n (dimensionless) Based on Dy'";HTADY
1550 FSDYP=RS*SQR(K2/D2P)/3

1560 TANHDYP=(EXP(3*FSDYP)-EXP(-3*FSDYP))/(EXP(3*FSDYP)+EXP(-3*FSDYP))
1570 HTADYP=(1/TANHDYP-1/3/FSDYP)/FSDYP

1580 LPRINT "Thiele-type Modulus Fsp(Dimensionless) Based on Dyp="";FSDYP
1590 LPRINT "Effectiveness Factor n (dimensionless) Based on Dyp=";HTADYP
1600 END

4000 REM Linear regression of Y(I) = A + B T(I)

4010 S1=0

4020 S2=0

4030 S3=0

4040 S4=0

4050 S5=0

4060 FORI=KTOL

4070 S1=S1+T(I)

4080 S2=S2+T(I)"2

4090 S3=S3+Y(I)

4100 S4=S4+Y(D)"2

4110 S5=S5+T(I)*Y(I)

4120 NEXT I

4130 Z=L-K+1 :REM Number of points for the linear regression analysis

4140 M1=S5-S1*S3/Z

4150 M2=S2-S1"2/Z

4160 M3=S4-S3"2/Z

4170 A=(S3-S1*M1/M2)/Z

4180 B=M1/M2

4190 SYT=SQR(ABS(S4-A*S3-B*S5)/(Z-2))

4200 SA=SYT*SQR(S2/Z/M2)

4210 SB=SYT/SQR(M2)

4220 RETURN



V. Loukopoulos et al. / J. Chromatogr. A 1061 (2004) 55-73 73

References [15] N.A. Katsanos, F. Roubani-Kalantzopoulou, E. lliopoulou, I. Bassio-
tis, V. Siokos, M.N. Vrahatis, V.P. Plagianakos, Colloid Surf. A 201
[1] D.W. Bassett, H.W. Habgood, J. Phys. Chem. 64 (1960) 769. (2002) 173.
[2] N.A. Katsanos, J. Chromatogr. A 1037 (2004) 125. [16] N. Bakaoukas, A. Koliadima, L. Farmakis, G. Karaiskakis, N.A.
[3] M. Czok, G. Guiochon, Anal. Chem. 62 (1990) 189. Katsanos, Chromatographia 57 (2003) 783.
[4] J.R. Conder, C.L. Young, Physicochemical Measurements by Gas [17] S. Margariti, N.A. Katsanos, F. Roubani-Kalantzopoulou, Colloid
Chromatography, Wiley, Chichester, 1979. Surf. A 226 (2003) 55.
[5] C.S.G. Phillips, A.J. Hart-Davies, R.G.L. Saul, J. Wormald, J. Gas [18] N.A. Katsanos, R. Thede, F. Roubani-Kalantzopoulou, J. Chro-
Chromatogr. 5 (1967) 424. matogr. A 795 (1998) 133.
[6] G. Karaiskakis, N.A. Katsanos, |. Georgiadou, A. Lycourghiotis, J. [19] N.A. Katsanos, F. Roubani-Kalantzopoulou, Adv. Chromatogr. 40
Chem. Soc., Faraday Trans. 1 78 (1982) 2017. (2000) 231.
[7] M. Kotinopoulos, G. Karaiskakis, N.A. Katsanos, J. Chem. Soc., [20] N.A. Katsanos, J. Chromatogr. A 969 (2002) 3.
Faraday Trans. 1 78 (1982) 3379. [21] N.A. Katsanos, D. Gauvril, J. Kapolos, G. Karaiskakis, J. Colloid
[8] N.A. Katsanos, M. Kotinopoulos, J. Chem. Soc., Faraday Trans. 1 Interface Sci. 270 (2003) 455.
81 (1985) 951. [22] Ch. Abatzoglou, E. lliopoulou, N.A. Katsanos, F. Roubani-
[9] N.A. Katsanos, G. Karaiskakis, A. Niotis, J. Catal. 94 (1985) 376. Kalantzopoulou, J. Chromatogr. A 775 (1997) 211.
[10] E. Dalas, N.A. Katsanos, G. Karaiskakis, J. Chem. Soc., Faraday [23] F. Oberhettinger, L. Badii, Tables of Laplace Transforms, Springer,
Trans. 1 82 (1986) 2897. Berlin, 1973, p. 218.
[11] N.A. Katsanos, Catal. Today 2 (1988) 605. [24] D. Gavril, V. Loukopoulos, G. Karaiskakis, Chromatographia 59
[12] N.A. Katsanos, E. Arvanitopoulou, F. Roubani-Kalantzopoulou, A. (2004) 721.
Kalantzopoulos, J. Phys. Chem. B 103 (1999) 1152, [25] M. Maciejewski, A. Baiker, J. Phys. Chem. 98 (1994) 285.
[13] N.A. Katsanos, E. lliopoulou, F. Roubani-Kalantzopoulou, E. Kalo- [26] J.M. Smith, Chemical Engineering Kinetics, third edn., McGraw-
girou, J. Phys. Chem. B. 103 (1999) 10228. Hill, New York, 1981, p. 479.

[14] N.A. Katsanos, D. Gavril, G. Karaiskakis, J. Chromatogr. A 983
(2003) 177.



	Gas chromatographic investigation of the competition between mass transfer and kinetics on a solid catalyst
	Introduction
	Experimental
	Theoretical and calculations
	The reactant carbon monoxide
	The product carbon dioxide

	Results and discussion
	Acknowledgment
	GW-Basic Program for the calculation of Aj and Bj of Eq. (44) pertaining to the product
	GW-Basic program for the calculation of Ai and Bi of Eq. (1)b pertaining to reactant, and of physicochemical quantities k1, kR, k2, Dy, Dyp, Phis and &eta;.
	References


