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The model proposed earlier by Sadana and Doraiswamy [J. Catel. 23, 147 (1971)]
has been experimentally verified using the consecutive reaction system: tetra-
chloroethane — pentachloroethane — hexachloroethane; the reaction was carried out
on activated silica gel using a mixture of tetrachloroethane and chlorine as feed. The
dependence of the rate constant on time was observed to be linear and the selec-
tivity for the intermediate product was independent of the decay parameter, as
postulated in the model. It was found necessary, however, to rewrite the linear
decay function used by Sadana and Doraiswamy in a slightly different form to
enable the testing of the model.

The reaction and decay parameters can be manipulated in such a manner as to
give the maximum yield of the intermediate at all times during the reaction. For
this purpose an optimal feed policy has been formulated which necessitates the
variation of feed in a predetermined manner.

NOMENCLATURE R Intermediate desired product
Reactant 8 Selectivity, ki.o/ks.0
Reaction parameter, Wky /F S glndiﬂfed pl”lfl)duct
(dimensionless) ¢ 0‘31 t‘m:f (hr) ] .
Plant capacity (g-moles/hr) bm Catalyst decay time (o r)
Void fraction of the bed r Temperature of bed (°C)
Feed rate of A across the bed, w Weight of the catalyst (2)
F’/f (g-moles/hr) z Fractional eonversion of A
Feed rate of A (g moles/hr) Yas Yr, Ys Instantaneous mole fractions
Initial feed rate of A corre- of A, R, 8 in the product
sponding t0 Yg.mex (g-moles/ YR.max Maximum yield of interme-
hr) ' diate

. _ ai, oy Decay velocity constants for
}}:SEd rate of chlorine (g-moles/ steps 1 and 2 (1/he)
Feed rate of A at any decay ° Normalized time, ¢/t (dimen-
time (g-moles/hr) sionless) ‘

A Decay parameter, at,, (dimen-

Rate constants for steps 1 and
2 at no decay (g-moles/hr)
Rate constants for steps 1 and
2 at any decay time (g-moles/
g hr)

Rate of reaction (g-moles/
g hr)

* NCL Communication No. 1764.
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sionless)

INTRODUCTION

It is a matter of common experience in
the chemieal industry that the cost of re-
placement or regeneration of a decaying
catalyst plays a dominant role in deter-
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FIXED-BED REACTOR FOULING

mining the cost structure. The frequency
of catalyst replacement or regeneration is
dependent not only on the type of catalyst,
feedstock and operating conditions (such
as reactor temperature), but also on the
reactor type—a fact not often appreciated.

Although considerable literature (I1-15)
has accumulated on the subject of catalyst
fouling during the last decade, the first
significant attempt to relate the perform-
ance of a reactor charged with a time-
decaying catalyst to the properties of the
reactor itself was made by Weekman (16,
17). His method was characterized by the
introduction of two dimensionless param-
eters, one for the extent of reaction and
the other for the extent of decay, and was
developed for a simple reaction of the
second-order  which is  frequently en-
countered in the catalytic cracking of
petroleum feedstocks. Later Weekman and
Nace (18) applied Weekman’s model to a
consecutive reaction system, and showed
that the time averaged yield of gasoline,
the intermediate, in a fixed-bed reactor
was a kind of kinetic disguise. (At the end
of this paper, we have proposed and illus-
trated an optimal feed policy to cir-
cumvent the time-averaging of vyield
of intermediate in a fixed-bed reactor).
Weekman and Nace also deseribed con-
ditions for maximum intermediate yields
in fixed-, moving- and fluid-bed reactors.

Sadana and Doraiswamy (19) who fol-
lowed up Weekman’s work dealt with a
similar problem and made a further theo-
retical analysis of the behavior of fixed-,
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fluid- and moving-bed reactors under
conditions of catalyst decay. They studied
a hypothetical two-step series reaction of
the type A >R — S with identical decay
parameters for both the steps, using two
different decay patterns, exponential and
linear. Two interesting observations were
made: (a) the yield of intermediate yr
showed a maximum [Fig. 4 of Ref. (19)]
with increase of the decay parameter A;
(b) the optimum space velocity was
broader at higher levels of fouling (unpub-
lished data). However these points were
not experimentally verified. The object of
the present paper is to verify the validity
of these findings and to formulate an
optimal feed policy for a fixed-bed reactor
operating with a decaying catalyst such
that the yield of intermediate is maximum
at every instant during the on-stream time.

ExPERIMENTAL METHODS

Choice of System

Considerable preliminary screening had
to be done in the choice of a suitable re-
action system. The reaction selected was
chlorination of tetrachloroethane (TCE)
to hexachlorcethane (HCE) via pentachlo-
roethane (PCE),

CZHzCh d CzHCls d Czcle,

on activated silica gel (—30 + 40 mesh).
Preliminary runs, shown in Table 1, re-
vealed the following: (a) at higher tem-
peratures thermal chlorination took place
and side reactions were also present, viz,

TABLE 1
PRELIMINARY RUNS

Product distribution (mole %)

Mole Tri- Tetra-
ratio Temp chloro- chloro-

No. Cly: TCE Catalyst. °C) ethylene ethylene TCE PCE HCE
1 4:1 None 300 4.6 1.2 84.2 9.8 0.20
2 4:1 None 250 3.4 0.8 87.5 8.1 0.15
3 4:1 Silica gel 300 10.5 8.0 36.0 40.5 5.00
4 10:1 Silica gel 300 1.3 0.1 46.2 48.9 4.90
5 10:1 Silica gel 200 — — 65.3 32.3 2.40
6 10:1 None 200 — —_— 99.6 0.4 —
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dehydrochlorination of TCE to trichloro-
ethylene and PCE to tetrachloroethylene;
and (b) at lower temperatures (<200°C)
and high chlorine to TCE ratios (10:1)
homogeneous conversion to PCE was less
than 0.5% while that to HCE was not de-
tectable, and the dehydrochlorination re-
actions were eliminated. All the runs were
therefore carried out at 200°C. No ex-
perimental verification of the irreversible
nature of the reactions was attempted as
it is known from thermodynamic consider-
ations that hydrochlorination of PCE or
HCE with liberation of chlorine is not
significant at the temperatures considered.

Experimental Assembly and
Organization of Runs

The experimental assembly consisted
mainly of four units: constant rate feeding
system for TCE and -chlorine; reactor,
preheater and thermostat assembly; prod-
uct separator and collector system; and
analytical equipment for determining prod-
uct composition.

TCE was fed at a constant rate from a
stainless steel metering pump with a Teflon
shaft seal (minimum rate, 7 ml/hr), The
flow of chlorine was controlled by a ti-
tanium seated needle valve and indicated
by a calibrated capillary flow meter. A
close control on the flow could be main-
tained by the introduction of a high re-
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sistance strainer in the chlorine line. The
reactor (2 em diam with an axial thermo-
well) and preheater were made of glass
and were surrounded by an electrically
heated inert fluidized bed acting as a
thermostat. The temperature of the bed
was maintained at 200 £ 1°C by careful
control of the rate of fluidizing air and
power input. There was no detectable axial
temperature gradient in the bed.

Product collection was done by a pair
of coiled condensers, the coolant used was
refrigerated water at 5°C. Material balance
on TCE indicated no TCE in the vent
gases. Acetone was used to wash down the
condenser sides and also to react away the
excess chlorine contained in the product
mixture,

The analytical equipment used was an
NCL designed gas chromatographic unit
with hydrogen flame ionization detector.
Several types of columns have been used
(20-25) for the chromatographic analysis
of TCE, PCE and HCE. In the present
investigation the produect mixture was sep-
arated over silicone SE 30 (methyl) 15%
over Chromosorb P column, 10 ft long and
kept at 125°C, with nitrogen at 10 1b/in.2
as the carrier gas. The percentage com-
position was then obtained by standard
methods.

TCE and PCE were twice fractionated at
a pressure of 100 mm Hg; TCE was col-

TABLE 2
DEeTtaiLs oF THE RUNS
Nor-
mal-
Feed rate Wt of Feed rate ized  Catalyst
of reactant catalyst W/F of Cl, Temp  time decay
F Voidage F = F'/f w (g hr/ Fa1 T 0 = time ¢,
No. (g-moles/hr) I (g-moles/hr) (g) g mole) (g-moles/hr) (°C) t/tm (hr)
1 0.447 0.581 0.769 15 19.5 4.470 200 1 0-10
2 0.342 0.581 0.588 20 34.0 3.420 200 1 0-10
3 0.207 0.581 0.357 25 70.0 2.075 200 1 0-10
4 0.197 0.581 0.339 30 88.5 1.970 200 1 0-10
5 0.173 0.581 0.298 35 117.5 1.730 200 1 0-10
6 0.097 0.581 0.166 40 240.6 0.966 200 1 0-10
7 0.087 0.581 0.149 45 300.8 0.869 200 1 0-10
8 0.081 0.581 0.139 50 361.0 0.805 200 1 0-20
9 0.084 0.581 0.145 55 379.0 0.843 200 1 0-20
10 0.074 0.581 0.127 60 474 .2 0.735 200 1 0-20
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lected at 82.9°C and PCE at 93°C directly have been described by Sadana and Dorai-
into amber colored bottles. Nitrogen was swamy (19). The second suffix of the rate
bubbled through them before they were constant vefers to the clock time ¢ in
stored in the refrigerator for future use. hours; thus k,, is the rate constant of the
HCE used was of analytical grade sup- first step at no decay. Two different decay
plied by the BDH. forms were employed, exponential and

The entire experimental assembly was linear, the expressions for k; , and the yield
shielded from sunlight such that no photo- yg for the two cases being:

chlorination took place. The catalyst was FExponental:

charged into the reactor and chlorine was o

passed at 300°C for 1 hr. Then the tem- fro = hage™, (1)
perature was brought down to 200°C and yr = s

TCE was passed. The first sample after 1—s

about 2 min (ie., at £, = 0) was collected , B

for a small fraction of time and thereafter X [exp(—B e™) — exp (* Y W”)]'
at 1 hr intervals for 10 hr (20 hr in the @)
case of runs 8, 9 and 10); the details are )

given in Table 2. The samples were freed Linear [first-order]:

of HCI, one of the products of reaction, kri= ko — o, (3)

by passing nitrogen for 15 min before

analysis, and the results are shown in yp = S(L = A0/kn.a]

Table 3. 1—s
) A
TrsT oF THE MODEL X qexp | — B'{1 — v
The Model B’ AL
. . —exp|——\1—-—)| 4
The details of the model for a reaction s k1o
of the general type, It may be noted that when instantaneous
ki ke values are involved ¢t becomes equal to ¢,
A: R:’ S, (ie, 8=1) and is replaced by t.
o [ T 1
q 7 ) [? = YIm ’:.: o] :

o-8

N el
A N ‘ I

4 | |
o1 - | — 4 N -
> L1 I : S
| 1
>T0-4f / ‘ | ——
[ g e
03 e — -
/ D —
/ —
o2 ' -
/ —‘ S i
i ]
01 - T
[~
o ™
o Lo |
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Y/
F

Fie. 1. Experimental product distribution curves at ¢, >~ 0.
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in the above equations; and when average
values are involved Eq. (2) and (4) are
integrated along the variable 6 between
the limits 0 and 1.

Data Required for Testing

As can be seen from the above equa-
tions, the data required for testing the
model are the rate constants k,; and k..
at various levels of decay, from which
the intrinsic rate constants can be ex-
tracted and the decay constants «; and e,
also determined. (As it turned out in the
present case, a; = a,.) To obtain these
constants, product distribution as a funec-
tion of time (¢ = t,) with space velocity
as parameter is required, and experiments
were accordingly planned and executed.
The results are presented in Table 3.

Estimation of Reaction Rate and
Decay Constants

a. Rate constants. Typical plots of y,,
yp and ys versus W/F are shown in Figs.
1 and 2. Based on the reported work of
Kim (26) first-order kinetics was assumed
for step 1, and plots were made according
to the equation

PRASAD AND DORAISWAMY

w 1 1
It was observed from these plots (not

shown in the paper) that first-order
kinetics is valid for all ¢,; the correspond-
ing k,; values are presented in Table 4.
Figure 3 shows that the dependence of k,;
on time is linear.

To evaluate the rate constants (k..;)
for step 2, first-order kinetics was again
assumed and the following equations were
employed:

ks —kyr =0 at rg =0, (6)
or
k_yr_ dyr__ _
P (72 RO

From a knowledge of k,;, and of s deter-
mined from product distribution curves
(e.g., Figs. 1 and 2) at dyr/d(W/F) =0,
k.. was estimated at various values of ¢,
and the results are included in Table 4.
From the selectivity values recorded in
Table 4, it can be seen that there is no
particular trend and that an average value
of 8.71 is obtained (with a maximum de-
viation of 9%). Again, from a least squares

° |
['=fmz4
08 \
\ ]
07 1 I
\ R//
06 ,/
\ /A |

os N L
N
oa /

/ \\
os / N
\\ LT -
ool Pl
S L
o1l ]
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% a0 80 120 160 200 240 280 320 360 400 440 480
We

Fic. 2. Experimental product distribution curves at ¢, = 4.
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TABLE 4
RATE CONSTANTS AND SELECTIVITIES AT VARIOUS VALUES OF f,
tn: O 1 2 3 4 5 6 7 8 9 10 Sav
kX100 0.932 0,902 0.875 0.844 0.815 0.783 0.749 0.722 0.699 0.663 0.632

s 8.86 8.93 8.65 8.63

kag X 108 1.052

8.93

7.98
1.010 0.980 0.976 0.944 0.981 0.789 0.836 0.784 0.761

9.49 864 892 870 8.14

0.776

8.71

fit of the k..; values obtained into a straight
line (Fig. 4}, k... was determined and the
selectivity was estimated to be 8.66, which
is nearly the same as the average value
recorded in Table 4. It is this value (8.66)
that has been used in model testing.

To establish the correctness of the pa-
rameter values determined above, a com-
parison of the calculated and experimental
product distributions for all values of ¢,
using the average selectivity and individual
k. ; values was made. The following equa-
tions were used in the calculations:

Ya = e—kL-‘(W/F), (8)

S
— —k (W/[F)
= [ B
Yr 1= s {

~ exp ["; (W/F)]}- ©)

The fact that the agreement is good 1is
evident from an examination of Table 5.

b. Decay constants, The observation
that selectivity was invariant with time,
whereas the rate constants varied linearly,
led us to modify the model derived by
Sadana and Doraiswamy to the extent
that the selectivity had to be isolated from
the decay function, resulting in the follow-

10
09 1. ‘
;
® o8l— \\ L
>
~ B
{ I~
o7 ;
I I N
P
06
. | H 1
055 2 2 : E 10

t

F16. 3. Variation of the overall first-order con-
stant k;.; with time.

ing equation which satisfies the require-
ment:

kii= kil — o] (10)

The decay constants «; and «. were then
obtained from Figs. 3 and 4, respectively:

a = 0.0322,
ay = 0.0320.

The fact that a; = a, provides evidence
in support of the assumption of constancy
of decay parameters for all reaction steps
in a complex reaction, an assumption first
made by Weekman (17). Incidentally, it
may be further argued that the main
criterion for the decay of a catalyst is the
irreversible adsorption of carbonaceous
material or an independent poison in the
feed, resulting in the progressive decrease
in the surface area available for the useful
reactions, whether the chemical reaction is
simple or complex; and hence an identical
effect should be felt by each reaction step.
This argument is valid even if one step of
the reaction is favored by one kind of
surface and another by another kind, as
long as there is only one kind of decay,
viz, the irreversible adsorption of non-
volatile matter.

1
1-0
N

g Y
x 09 % - —
"“J | \
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Fi6. 4. Variation of the overall first-order con-
stant k. ; with time.
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Test of the Model

With the introduction of the new linear
relationship given by Eq. (10), the ex-
pression for the instantaneous yield of in-
termediate yr becomes

S
- 8

[e—B f(1-N8) e(—B ’/8) (1—)\6)],

Yr = § (1)

It is now required to be shown that the
experimental results can be described by
the above equation and that an experi-
mental optimum A that corresponds to the
null-derivative with respect to A of Eq.
(11) exists. Figure 5 shows that the model
represented by Eq. (11) (with 6 replaced
by unity) represents the observed values
of yr remarkably well and that there do
exist maxima at lower space velocities
which ecan be reasonably well predicted by

A=1-— <ﬁ> (Ins) (12

which is obtained by equating the deriva-
tive of Eq. (11) with respect to A to zero.
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Fra. 5. Comparison of model represented by Eq.
(11) with experimental data.

OrpriMaL FEep Poricy

An important factor in the design of a
fixed-bed reactor operating under condi-
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Fic. 6. Formulation of an optimal feed policy for a fixed-bed reactor operating with a decaying catalyst.



394

tions of catalyst decay is the optimization of
process on-stream time t,. The lower the
tm, the higher the frequency of regeneration
and greater the operational costs. It has
already been shown (19) that an optimum
value of A exists for the maximum yield
of the intermediate yg. Since A = « &, it
follows that for a constant value of the
fouling parameter «, an optimum value of
tn also exists. But for the type of con-
secutive reaction considered B’ also exhibits
an optimum, and in fact differentiation of
Eq. (11) with respeet to B’ and equating
the derivative to zero also leads to Eq.
(12). Hence it may be concluded that B’
and A should not be considered in isolation
for optimization of process time. Equation
(12) shows that yr is maximum when the
product B (1 — A) is constant and is
equal to [s/(s — 1) In s] which is deter-
mined only by the kinetics of the reaction.
It is therefore possible to maintain yg at
the maximum level corresponding to B’y =
[s/(s — 1) In s] by manipulating B’ when
A changes. During the course of the reac-
tion this can be done only by adjusting
the feed rate to the reactor such that
B,
1— 2\

Figure 6 illustrates how this can be done
over a finite number of stages. It is ob-
vious from Fig. 7, which is a plot of Eq.
(13), that when A takes values very close
to unity, B’ tends to become infinity and
the feed rate tends to zero. Thus the maxi-
mum utility of the cycle time can be
achieved with the minimum number of
regenerations by continuously varying the
feed rate according to Eq. (13). Obviously
there is no need for averaging the yield of
intermediate over time, and in the limit
the thick portions of the curves in Fig. 6
become a straight horizontal line with
ordinate equal t0 ¥r.max.

Recently, Levenspiel (27) has suggested
that a similar policy, viz, keeping the con-
version constant by varying the feed rate,
can be used as an effective experimental
technique to determine the decay parameters
when the decay is conecentration dependent.
In fact, by automatic controlled variation
of the feed, the system can be made to

B =

(13)
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Fr1a. 7. Variation of B’ with X for optimal policy
[Eq. (13)].

generate a decay function similar to Eq.
(14). Thus the concentration effect, which
in this case is limited to the main reaction,
is eliminated, and only the fouling effect is
captured in the run. It may be noted, how-
ever, that in the present investigation, this
procedure has not been followed, and the
rate and fouling constants have been un-
coupled by the procedure already described.

For obtaining the optimum value of tn
Eq. (13) may be rewritten in terms of
feed rate as follows:

F = Fo(1 — 26). (14)

Assuming that the process time is equal to
regeneration time (any similar assump-
tion can be made), the total cycle time is
2 t,, and the frequency is 1/(2 ¢,). If the
plant were to operate at yr,m.x always, the
rate of production of R at any instant in
a cycle 18 F Ygr,max. Or, by using Eq. (14),
the total plant capacity may be written as

1

c= L

9% FoyR.maxtm(l - )\O)d() (15)
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1 A
= "Q"'FoyR,max <1 - §>'

Clearly, F, is a fixed quantity and is
given by

(16)

- (S - I)Wklo _

— Wkl.().
slns

BI
The total capacity at ¢, = 0, which is
purely hypothetical, is equal to 4F,
Yr,max, and that at ¢, = 1/, corresponding
to A= 1,18 Y Fy Yr,ma [Note that in Eq.
(15), as i, tends to zero, though the
frequency tends to « and cycle capacity
tends to zero, their product tends to a
finite nonzero limit.] Thus, we have a
quantitative indication of how the plant
capacity diminishes with increasing t,.
Assuming that the plant is originally
designed to operate at F, disregarding the
catalyst decay, the cost of production can
be minimized from considerations of cat-
alyst decay. Let the unit cost be expressed
as the sum of two functions ¢ (#,) and
¢ (twm), where ¢ (f,) represents the in-
crease in cost due to capacity reduction
and ¢ (f.) the decrease in cost due to
reduced frequency, both of which are the
result of increased t,. Since ¢ (f.) is an
increasing function and ¢ (t,) a decreasing
function, there should exist an optimum
value of ¢,, corresponding to the mini-
mum cost, which may be found from

()], Sl _
Ot Ot )

The only requirement for using this equa-
tion is a prior knowledge of the two cost
funetions which can be easily worked out.

It must be noted that the optimal feed
policy suggested is only valid when the
time of the regeneration part of the cycle is
independent, of the operating or reacting
part of the cycle. Thus, if the carbon laid
down during the operating cyele is a func-
tion of the feed rate, then the optimal feed
policy must account for the burning time
or the regeneration part of the cycle.

Fy (17

+ (18)
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