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The Kkinetics of decarbonylation of furfural to furan as well as the kinetics and mechanism of
deactivation by coking of Pd-Al,O; catalyst have been examined. A statistically best-rate expres-
sion for the main reaction, developed on the basis of the surface reaction on two active sites, was
determined from the experimental data. Deactivation occurred in parallel with the main reaction.
The deactivation kinetic equation was governed by the reaction of two adjacent adsorbed furfural

molecules resulting in the coke precursor.

INTRODUCTION

Catalyst deactivation and regeneration
are important and form the major fields of
catalysis. Among the various possible rea-
sons for deactivation, the most common is
the deposition of carbon which blocks the
active surface. This may be due to side re-
actions or to decomposition of the organic
reactant. As a consequence, the kinetic
study of the main reaction in itself becomes
seriously complicated.

In spite of several studies made of the
kinetics of deactivation processes, there is
still no generalized approach to analyze this
problem because of the wide variation in
the chemical aspects of coke formation (1,
2). Earlier studies contemplated the cata-
lyst activity as dependent only on the reac-
tion time which revealed very little
information about the mechanism of deacti-
vation as summarized in Ref. (2). Further
studies on deactivation of catalyst particles
under diffusional control (3, 4) and in fixed-
bed reactors (5, 6) have demonstrated that
the deactivation also depended upon the re-
action conditions.

It is generally accepted that the rate of
main reaction in presence of coking can be
expressed as
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(—=ra) = (—ra) - a, (D

where a is termed as ‘‘activity’’ (7). Some
authors prefer to use ¢4 (8) or ¥4 (9) as a
deactivation function for activity. The ki-
netic equation of the main reaction is given
by (—ra) and is determined by using Kinetic
data at zero coke content. It is obvious that
some relationship which gives the value of
the activity during reaction is required
along with Eq. (1). It is at this point where
the controversies still exist.

Froment and co-workers (10-12) devel-
oped a complex technique to relate the ac-
tivity to the coke content through an empir-
ical equation. The coke content of the
catalyst was then related to the composi-
tion of the reaction mixture, temperature,
and time, through a continuity equation for
coke which needs integral reactor together
with thermo-balance data of the deposited
amount of coke. On the other hand, Szepe
and Levenspiel (7), Levenspiel (13), Wolf
and Petersen (I4-17), Corella et al. (18),
and Corella and Asua (19) prefer to relate
the activity to the reaction conditions di-
rectly. The analysis with the use of single-
pellet diffusion reactor (/4—17) requires an
accurate measurement of ‘‘center plane
concentration.”
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Szepe and Levenspiel (7) used an equa-
tion with separable variables for the deacti-
vation of the form

da
— 71 =D - L0 - fi(@). (2
The overall chemical reaction rate expres-

sion consisted of a reaction-rate function
multiplied by a deactivation function as

(=ra) = fT) - f5(C) - a. 3)

Thus by keeping the reaction mixture com-
position and the temperature constant, the
variation in the rate of reaction due solely
to the deactivation process can be studied
directly. It should be noted that their
method of analysis of experimental data is
valid only in the case where concentration
dependency function is previously evalu-
ated on the basis of experiments and which
are generally of power-law type.

The above method of analysis was later
extended by several authors (12, 14, 15,
18-21) to the point where the kinetics of the
main reaction was of the Hougen—Watson
type or at which the variables were non-
separable

d.
- S =YD - fla), @)

where ¥(p;,T) is the deactivation function.

Corella and Asua (22) generalized theo-
retically the kinetics of deactivation by cok-
ing where Eq. (4) was accomplished and
obtained the equation

d
-5 = ¥eD - )

where d = (im + h — 1)/m, m and h are the
number of active sites involved in the con-
trolling step of the main reaction and the
deactivation reaction, respectively. This is
a more fundamental approach to the analy-
sis of catalyst deactivation.

The present work is an utilization of the
above method to a catalytic reaction sys-
tem of interest for industrial applications
and scientific research, the decarbonylation
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of furfural to furan over Pd-Al,O; catalyst
(23-24). A careful examination of the liter-
ature revealed that there is no prior deacti-
vation kinetic study for this catalytic reac-
tion system. The experimental results are
analyzed on the basis of Langmuir-Hin-
shelwood kinetics for the main reaction as
well as for the deactivation, with statistical
data interpretation to show the real signifi-
cance of mechanism determination with
precise experimental data. It is expected
that the present results will contribute to
the understanding of the deactivation kinet-
ics of such catalytic systems.

EXPERIMENTAL

Catalyst was tested primarily for initial
activity and resistance to deactivation using
a micropulse reactor—chromatograph as-
sembly, Hewlett-Packard Model 5880.
With this apparatus either single pulse or a
train of pulses of known volume of furfural
and frequency can be automatically passed
through the catalyst bed (1 cm length, 0.3
cm diameter, containing 0.2-0.3 gm
crushed catalyst of 0.1 mm mean diameter),
using a suitable carrier such as N, or H,.
Furfural pulse rate was 1 ul/sec. The flow
rate of carrier gas was 30 ml/min. The tem-
perature was varied from 450 to 600°K, and
was controlled to within 1°C.

Preliminary experiments demonstrated
that the catalyst lost its activity rapidly in
the absence of hydrogen and that part of
this lost activity could be recovered by in-
creasing the hydrogen pressure during the
reaction. The micropulse reactor enabled a
promising operating conditions to be
quickly found. Catalyst was then readily
tested in a larger scale reactor to obtain ki-
netic data.

The fixed-bed reactor with general exper-
imental procedure was similar to that de-
scribed in Ref. (25). The furfural was fed by
the calibrated metering pump into a pre-
heater, where it was mixed with N, gas and
vaporized. The vapor was then led to the
reactor containing the catalyst bed. The
temperature of the catalyst bed was mea-
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Fi1G. 1. Conversion at time zero against space time.

sured by an iron—-constantan thermocouple
located in a coaxial thermowell. The main
stream of the effluents from the reactor was
cooled by a set of condensers. The liquid
condensate was analyzed by GLC and the
gaseous products were metered. A stain-
less-steel tube packed with 10% Carbowax-
20M on Chromosorb W was used as analyz-
ing column in the chromatograph. The sole
product of decarbonylation of furfural was
furan on Pd-Al,0;. All experiments de-
scribed below were performed exclusively
with 5% Pd on Al,Q;, 3-mm spherical pel-
lets (Houndry Chemicals).

The effects of diffusion were kept to a
minimum by passing the gas at high veloc-
ity through the catalyst. The fair constancy
of conversion obtained by changing the
feed rate while keeping (W/F) constant sug-
gested that the diffusion of gases was not
controlling the rate. The role of internal dif-
fusion was checked by varying the size of
the catalyst particles while maintaining the
catalyst weight, R, and (W/F) constant. The
internal diffusion resistance in the catalyst
particles was practically negligible as ob-
served by the insignificant change in the re-
action rate. To study the effect of external
diffusion, it was necessary to increase the
bed height while keeping (R) and (W/F)
constant. The rate was unaffected by dou-
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bling the bed height. Thus the external dif-
fusion in the catalyst bed was negligible.
Rate calculations were based on conversion
to furan.

RESULTS AND DISCUSSION
Kinetic Equation at Operation Time Zero

The kinetics of the main reaction were
studied in an integral reactor by using data
at zero coke content. These set of experi-
ments lasted 4 hr and were c¢onducted with
the following operating conditions:

- (moles of furfural)
moles of nitrogen

temperature range 548-593°K
W/F o(g-cat. hr/mole) = 10-130.

Figure 1 shows the conversion data at
time zero against space time for all the tem-
peratures under consideration. The values
of rate of reaction at zero time (—r,), were
obtained by second-order polynomial ad-
justment of the curves (X,), vs W/F,, fol-
lowed by analytical differentiation. These
data have been analyzed according to the
method discussed by Froment and Hosten
(26). The techniques of linear and nonlinear
estimates were applied to various mathe-
matical rate expressions as a method of cor-
relating the experimental data. Different
models based on Langmuir-Hinshelwood
mechanisms were formulated.

1)

Mathematical Modeling Technique

A nonlinear regression algorithm (25) uti-
lizing Marquardt’s algorithm (27, 28) was
used to obtain a mathematical fit for various
rate expressions. The program minimized
the residual sum of squares (R.S.S.) during
the regression. The nonlinear computer
program basically improved upon the initial
estimates of various constants of the rate
equation until the R.S.S. could no longer be
reduced. Approximate 95% confidence
intervals for various constants were calcu-
lated from estimates of their individual vari-
ances. The starting values of the parame-
ters were estimated by linear regression.
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Once the model satisfied the criterion of pa-
rameter values to be physically significant,
then the goodness of fit of the model was
checked by performing an F-test.
The decarbonylation of furfural to furan
may be represented as
"
@cm Q .
(A} (R) [&Y] (N}

Inert: Nitrogen

(©)

Thermodynamic calculations have shown
that the reaction is essentially irreversible
(In K > 13, temperatures 523-623°K). The
method of Yang and Hougen (29) was used
to eliminate some of the rate-controlling
steps. The rate data showed that the de-
sorption of product was not a rate-control-
ling step.

The Langmuir-Hinshelwood isothermal
rate equation based on single- and dual-site
mechanisms for the reaction were consid-
ered. These rate equations were derived
with an adsorption term for each of the re-
action components and diluent nitrogen.
The regressions of the rate equations were
made at each temperature. The isothermal
rate equations, basic type of which are
given in Table A-1 of the Appendix, re-
sulted in 8 different mathematical forms,
which were confronted with the experimen-
tal data. Since the experiments were limited
to pure feed, containing only A as reacting
component, the stoichiometry (pr = p;) did
not permit us to calculate parameters Ky
and K, individually and they have been
coupled as Kgs.

The data were most satisfactorily corre-
lated by the model

kKapa
(1 + Kapa + Krspr)?”’

where surface reaction on two active sites
is the rate controlling. The values of kinetic
constants k, K, and Kgs are shown in Ta-
ble 1.

An F-test was made on the residual for
this model, in which six replicates were car-
ried out. The Fpeervea-value of 2.1 lie within

@)

(=7ado =
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TABLE 1

Values of the Kinetic Constants

T k Ka Kas
C°K)

548 (18.7+2.5) x 103 2.8+ 17 39.9 = 15.1
73 (35.7+57)x 103 05024 125%56

593 (68.6 = 11.7) x 1073 0.28 = 0.14 8.5 £ 4.5

the range 0 = Fopservea = F(13,15,0.95) =
2.5.

The following relation between the ki-
netic constants and the temperature has
been determined

k = 16,751 exp(—7448/T) 8
Ka = 1.4 X 107" exp(16,685/T) 9
Kgs = 6.5 x 107% exp(12,349/T).  (10)

The activation energy for the main reaction
is calculated as 62 kl/mole.

Kinetics of Deactivation

In order to determine whether the deacti-
vation is in parallel or in series with the
main reaction, preliminary experiments
were performed with 10% furan in the feed
at 573°K.. The results showed that addition
of furan had no appreciable effect on the
reaction rate. These experiments gave
some indication for parallel deactivation,
however, it was further supported by per-
forming a series of experiments in a differ-
ential reactor for a series of R at 573°K and
W/F s = 15. Activity, a’, was calculated as
quotient between conversion at time ¢ and
at zero time.

The composition of the reacting mixture
is constant throughout the reactor in a dif-
ferential reactor. Therefore, Eq. (5) can be
integrated for & # 1 as

(a'0=Pim — 1)

= (h — D¥(pw,T) - £. (11)
The slope of the straight line, obtained from
the plot of (@'=#'m — 1)/(h — 1) against time

is the deactivation function ¥y(py,T) (18).
Figure 2 shows a plot of (a’0-"'m — 1)/(h
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F1G. 2. Plot (a’""®m — 1)/(h — 1) vs time for differ-
ential reactor at S75°K.

— 1) vs time for # = 2 and m = 2. The
calculated ¥y(py,T) values for a series of
average partial pressures of furfural are
listed in Table 2.

An increase in Vo(py,T) values with pag
suggests the deactivation to be parallel
(18, 22), in agreement with the ones ob-
tained from the preliminary experiments.

Accordingly, the reaction scheme with
deactivation may be represented as

A—->R+ S
A — Coke. (12)

To evaluate the kinetic equation of deacti-
vation, the deactivation data from experi-
ments carried out in an integral reactor are
shown in Fig. 3.

The reaction rates are obtained by poly-
nomial adjustment (second order) of the
curves X, vs W/F,, followed by analytical

TABLE 2
Wo(pn,T) Experimental Values for
Different p,
R
0.5 1 2
Pao 0.33 0.50 0.66
Yol pio.T) 1.34 1.98 2.71

1 1 1
0 200 40 60 80 W0 120 140
W/Faq (g-cat.hr/mole)

FiG. 3. Conversion against space time for different
process times at the temperatures 548, 573, and 593°K.

differentiation. The values of the rate of re-
action (—r,) for different times together
with the rate of reaction at time zero were
obtained for W/F 5o = 60. With these values
for (—ra) and (—r,) corresponding activity
values have been calculated for each value
of the partial pressure of the reactant con-
forming to Eq. (1) and plotted against time
in Fig. 4. The deactivation rate (—da/dt) is

1-0
0.9
& 548K
0-8| 0 573%
o 593°%K
07
06~
o 0.5
0.4
0-3+
0.2
01
o 1 1 1
0 10 20 3.0 40

t, hr

F1G. 4. Activity against process time.
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TABLE 3

Deactivation Function Values

t Pa Pr W(pa,T)
(hr) (atm) (atm)
h=1 h=2
Temperature: 593°K
0.0 0.447 0.131 2.337 2.337
0.5 0.480 0.111 1.483 2.527
1.0 0.514 0.091 1.145 2.725
1.5 0.549 0.070 0.926 2.926
2.0 0.583 0.049 0.747 3.124
2.5 0.602 0.038 0.642 3.233
3.0 0.612 0.032 0.590  3.292
35 0.620 0.027 0.540  3.338
4.0 0.628 0.022 0.489  3.384
Temperature: 573°K
0.0 0.491 0.105 1.976 1.976
0.5 0.518 0.088 1.407 2.097
1.0 0.546 0.072 1.104  2.222
1.5 0.574 0.055 0.888 2.349
2.0 0.601 0.039 0.714  2.472
2.5 0.616 0.030 0.606  2.539
3.0 0.624 0.025 0.559 2.575
3.5 0.630 0.021 0.507  2.604
4.0 0.637 0.017 0.460  2.632
Temperature: 548°K
0.0 0.542 0.074 1.523 1.523
0.5 0.561 0.063 1.167 1.593
1.0 0.581 0.050 0.936 1.665
1.5 0.602 0.038 0.756 1.738
2.0 0.621 0.027 0.607 1.807
2.5 0.631 0.020 0.513 1.845
3.0 0.637 0.017 0.473 1.865
3.5 0.641 0.014 0.429 1.881
4.0 0.646 0.012 0.388 1.897

evaluated by derivation of these curves.
The deactivation function, ¥(p,,T), calcu-
lated from

W(pa,T) = (—daldt)/gim+h=Dim

are listed in Table 3.

The possible isothermal deactivation rate
equations based on single- and dual-site
mechanisms for the reaction (12), which as-
sume that the rate-controlling step was the
coke precursor formation (second step), are
presented in Table A-2 of Appendix. To
evaluate the parameters of the deactivation
rate equation, the values of K, and Kgg of
the main reaction have been used and the

(13)
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same nonlinear regression technique was
employed.

The model which correlated with the data
most satisfactorily is

_da _ kaKaspa
dt (1 + Kapa + Kgspr + Kawpa)?
cals

(14)

This model was based on the mechanism
that two adjacent adsorbed furfural mole-
cules are involved in the formation of coke
precursor P, ultimately leading to coke
lay down according to the scheme

A+ 1= A*l (15)
A*l + A*l—>Pllzx_—¥P212‘_—\
P3lz . . . Coke (16)

where the coke precursor formation step is
found to be rate controlling and the furfural
adsorbed in a way different from the main
reaction. The same phenomena has been
reported by Tamura (30) in the catalyst de-
activation during ethylene hydrocyanation
in gaseous phase and by Jodra et al. (20) in
the dehydrogenation of benzyl alcohol over
a Cu-Cr,0;/asbestos catalyst, the benzyl
alcohol was adsorbed in different ways in
the main reaction and in the deactivation
reaction.

The parameter values corresponding to
the Eq. (14) are listed in Table 4.

The relation between the constants of de-
activation equation and the temperature is
given by the equations

kg = 1315 exp(—3392/T) a7
Kax = 4.4 X 1074 exp(6092/T). (18)
TABLE 4
Kinetic Constants for the Deactivation
Reaction
T kd KA‘
CK)
548 2.4 + 0.005 38.3 + 0.001
573 3.5 + 0.003 15.5 = 0.002
593 4.7 = 0.007 11.7 = 0.004
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The activation energy for deactivation reac-
tion is 28 kJ/mole which is less than that of
the main reaction, indicating the deactiva-
tion reaction rate is less sensitive to tem-
perature to that of the main rate of reaction.
The low value of activation energy is gener-
ally indicative of reversible deactivation re-
action (/7). The high value of K« indicates
a strong adsorption of A on the catalyst sur-
face which will produce a fast deactivation
when particles with diffusional limitations
are used.

CONCLUSIONS

Rate equation for the decarbonylation of
furfural to furan along with the kinetics and
mechanism of deactivation of Pd-Al,O; cat-
alyst have been determined. For the decar-
bonylation, the kinetics can be described by
assuming the rate-determining step is the
two-site decarbonylation of the furfural.
The rate of deactivation which occurs by
parallel mechanism is presumed to be con-
trolled by the reaction between two ad-
sorbed furfural to form coke precursor fol-
lowed by coking sequence ultimately
leading to the formation of coke. The de-
rived rate equation represents the data sat-
isfactorily when all sites are taken as identi-
cal and furfural adsorbed in a different way
than the main reaction. Thus, the initial rate
equation, deactivation rate equation, and
relation between initial rate and rate at any
time can be treated simultaneously to de-
scribe the kinetics of the catalytic reaction
system completely.

The present results have provided further
experimental test of the method of analysis
recently proposed by Corella and Asua. It
is expected that their approach will contrib-
ute significantly to the understanding of ki-
netics and mechanism of catalyst deactiva-
tion since it relates activity directly to the
deactivation reaction.

APPENDIX 1: NOMENCLATURE

A,R,S.N furfural, furan, carbon
monoxide, and nitrogen,
respectively

SRIVASTAVA AND GUHA

Al

A*]

R

A0

KAaKRaKSaKN

kq

PPl
Pyly,Psl,,
Pyl Psly,

PA>PR>PS,PN

Pao

furfural adsorbed
main reaction

furfural adsorbed in differ-
ent way than in the main
reaction

catalyst activity,
reactor

catalyst activity, differen-
tial reactor

concentration of i

deactivation order

feed rate of furfural, mole/
hr

number of active sites in-
volved in the controlling
step of deactivation reac-
tion

equilibrium adsorption con-
stants for furfural, furan,
carbon monoxide, and
nitrogen, respectively in
the main reaction, atm

sum of K and Kg, atm

equilibrium adsorption con-
stant for furfural to yield
coke precursor, atm

rate constant of the main
reaction, mole/g-cat. hr

rate constant of the deacti-
vation reaction, hr!

active site

number of active sites in-
volved in the controlling
step of the main reaction

number of molecules of A
in gas phase which react
with the adsorbed A to
give the coke precursor

coke precursor

in the

integral

different forms of coke in
the coking sequence

partial pressures of furfu-
ral, furan, carbon mon-
oxide and nitrogen, re-
spectively, atm

partial pressure of i

partial pressure of furfural
at the reactor entrance,
atm
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R mole ratio of furfural to ni-
trogen

(—ra) rate of reaction of A, mole/
g-cat. hr

(—rado rate of reaction of A at zero
time

(—Fa) calculated rate of reaction
of A

T absolute temperature, °K

t time, hr

w weight of catalyst in reac-
tor, g

Xa conversion of furfural at
any time

(Xado conversion of furfural at
zero time

Greek Letters

Y(p;,T) deactivation function

Y(pa,T) deactivation function, inte-
gral reactor

Wolpi,T) deactivation function, dif-
ferential reactor

Definitions

R.S.S. = 2 (FAU) — raG)?

APPENDIX 2: RATE EQUATIONS

TABLE A-1

Isothermal Rate Equations

“ Il — | ] + o 1Inert: Nitrogen
0 0

CHO
(A) (R) (8) (N

Reaction

A. Single-site mechanism

Rate-controlling step Rate equation

a. Adsorption of
furfural (A)
b. Surface reaction

kKapa/(l + Kgpr + Ksps + Knpn)

kKapal(l + Kapa + Krpr + Ksps + KnpN)

B. Dual-site mechanism

Rate-controlling step Rate equation

a. Adsorption of
furfural (A)
b. Surface reaction

kKapa/(l + Krpr + Keps + Knpn)

kKapa/(1 + Kapa + Kppr + Kgps +
Knpn)?
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TABLE A-2

Isothermal Deactivation Rate Equations Assuming
Step 2 as Rate Controlling

d-1 Mechanism

Step 1 A+1l=Al
Step 2 nA(g) + hAl — Py,
Step 3 (Pidy) = (Poly) = (Psly) . . . Coke
m h n Model equation

da kaKapa

o AP,

2 1.0 dt 1+ Kapa + Kgspr
2 1 1 _da_  kKaph

dt 1+ Kapa + Kespr
2 2 00 _do_ _ kKiph

dt (1 + Kapa + Krspr)?

d-2 Mechanism

Step 1 A+ 1= A¥
Step 2 nA(g) + hA*l — Py,
Step 3 (Pily) == (Pody) = (P3ly) . . . Coke
m h n Model equation

da kaKa:pa
2. 10 dt 1+ Kapa + Kgspr + Kaspa “
2 1 1 da _ keKaPh

d 1+ Kapa + Kgspr + Kaspa 4
2 2 0 da kKiepis

LS

T dt T (1% Kapa + Kaspr + KapaP a
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