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Quantitative coke concentration profiles, in fixed-bed catalytic reactors, have been measured in
situ by the attenuation of a neutron beam aligned perpendicular to the axis of the reactor. Measure-
ments have been made for coking by both parallel and series processes. For the first, the reaction
used was the isomerisation of xylenes, while for series coking the dehydrogenation of butene-1 was
studied. Results of neutron attenuation measurements were verified by thermobalance and combus-
tion experiments and the excellent agreement obtained demonstrated that neutron attenuation may
be used as a noninvasive technique for determining coke profiles in fixed-bed catalytic reac-

tors. © 1985 Academic Press, Inc.

INTRODUCTION

In general, the activity of any catalyst
will decrease with time on stream. Of the
possible deactivation processes, coking is
unique because it occurs in side reactions
to the main reaction and therefore cannot
be completely eliminated for a given feed
and a specified catalyst.

If fixed-bed reactors are employed for the
catalytic process, a major problem is the
distribution of coke, both within the cata-
lyst pellets and within the reactor. Informa-
tion on this is an important requirement
when catalyst regeneration is subsequently
carried out, since it is well established that
the temperature attained in the bed, during
regeneration, is directly proportional to the
initial amount of coke present. An uneven
distribution of coke can lead to excessive
temperature rises in the reactor unless an
appropriate regeneration policy is em-
ployed. Most of the earlier published work
on coke distribution in fixed-bed reactors
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(e.g., Froment and Bischoff (7)), predicts
that when the coking reaction is in parallel
to the main reaction, deposition of coke will
be greatest in the inlet region of the reactor.
Conversely, when the coking reaction oc-
curs in series to the main reaction, coke
deposition would be expected to be greatest
at the reactor exit. These conclusions nec-
essarily follow, since the concentration of
the precursor of coke formation will be
greatest at the reactor inlet for parallel cok-
ing while for series coking the coke precur-
sor (the reaction product) has the highest
concentration at the reactor exit. Although
recent work by Brito-Alayon et al. (2, 3)
has indicated that these generalisations
may be modified under certain conditions
depending on the extent of the pellet diffu-
sional resistance and whether adsorption
effects are significant, the conclusions
reached by Froment and Bischoff are gen-
erally accepted for simple reactions under
normal operating conditions.

Various methods have been adopted in
the past to determine coke distribution in
a fixed-bed reactor. The method generally
adopted has been to remove pellets from
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known positions in the reactor and to anal-
yse the coke by standard methods, such as
oxidation to CO, and water. The procedure
is well documented by Richardson (4).
There are obviously problems with this ap-
proach, apart from the time-consuming na-
ture of the analysis for the whole reactor.
Use of a noninvasive, nondestructive tech-
nique would clearly have great merit.

The aim of the present work has been to
develop a technique whereby the coke dis-
tribution in a catalytic fixed-bed reactor
could be determined without disturbing the
bed. In order to test the method over a
range of axial coke distributions, two reac-
tions were studied. The first of these was
the isomerisation of xylenes over a silica-
alumina bead catalyst which was found to
form coke by Orr and Cresswell (5). The
second reaction studied was the dehydro-
genation of butene to 1,3-butadiene over a
chromia—alumina catalyst. Noda et al. (6)
have found that the coking process is con-
secutive to the main reaction when a hydro-
carbon is dehydrogenated over a chromia—
alumina catalyst. Initial experiments using
neutron radiography were superseded by a
neutron counting technique which was
found to be more accurate. To check the
neutron attenuation results, comparisons
were made with conventional methods for
determining coke profiles and very good
agreement was observed.

THEORY AND DATA ANALYSIS

The neutron transmission method ex-
ploits the fact that the slow-neutron-scat-
tering cross section, o, for a proton is sub-
stantially higher than that for any other
element likely to be found in a tubular cata-
lytic reactor.

The transmission of neutrons through a
sample is given by

L g o( o)

where ¢ is the specimen thickness, N the
number of atoms of species { per unit vol-
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ume, and o7 the total cross section (scatter-
ing plus absorption) of atom i.

For two, initially identical, catalyst-filled
reactor tubes, one of which has been sub-
jected to coking, the ratio of the transmis-
sions of the two tubes, /I, at a specific
axial position is given by

? = CXP[_tNCH,,O'EH,,],
2
where CH,, is the atomic composition of the
coke. Since ¢, ¢&, and oy are known, then
Ncu, can be estimated with a knowledge of
n. In the present work a value of n = 0.5
was initially selected as a number of experi-
mental studies (7-10) have shown this to be
a typical value for many cokes. Subse-
quently, better agreement was obtained be-
tween the neutron data and the data derived
from thermogravimetry when the directly
determined values of n = 0.55 and 0.42 for
the xylene and butene experiments were
used, respectively. The closeness of these
values to the original assumption of 0.5 pro-
vides the support for the general applicabil-
ity of the neutron method.

It is important to emphasise that the ap-
plication of this technique requires that two
assumptions are made about the contents of
the reactor. The first is that the catalyst
packing density is uniform along the reactor
which, conveniently in the experiments re-
ported in this paper, can be checked radio-
graphically. The radiographs show quite
clearly the overlapping outlines of the indi-
viduai catalyst pellets.

The second assumption, a more funda-
mental one, is that the C:H ratio is con-
stant at all points within the reactor and at
all times. Separate measurements of this ra-
tio are planned for the future.

The accuracy of the technique is en-
hanced by a high coke content and by high
transmissions before and after coking so
that a high neutron count rate is obtained.
For the samples used in these experiments
25,000 to 30,000 counts were measured at
each point so that the fractional error in I,/
L was ~1%.
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EXPERIMENTAL

Equipment. This comprised a feed sys-
tem, a preheater, and the fixed-bed reactor.
The reactor was constructed from Type 316
stainless-steel tubing of 25 mm i.d. and
0.15 mm wall thickness. Two reactors were
used in this investigation, one of length 0.6
m being used for the experiments in which
xylene was used as the source of the coking
while another, 0.8 m in length, was used
in the butene experiments. Both reactors
were equipped with external heating ele-
ments, which were removed before the
neutron irradiations were carried out. Tem-
peratures of up to 873 K could be achieved
over the whole effective length of the cata-
lyst beds. Temperatures within the bed
were measured using six Chromel-Alumel
thermocouples of 0.5 mm diameter and the
maximum variation of temperature within
the bed was found to be +5°C. These ther-
mocouples were left in place during the
neutron experiments.

Two types of reaction were investigated
which were known to give different types of
coking behaviour. Dehydrogenation of bu-
tene-1 was studied over a commercial chro-
mia—alumina catalyst (4 X 4 mm equant
cylinders provided by Harshaw) while xy-
lene was cracked in the vapour phase over
a silica—alumina bead catalyst (4- to 6-mm
beads provided by Kalichemie). For both
systems the reactor was brought up to the
appropriate temperature (usually 673 K or
higher) in a preheated stream of nitrogen.
When the correct temperature had been at-
tained the nitrogen stream was switched to
a mixture of xylene or butene-1 in nitrogen.
The xylene was vaporised prior to being
carried into the reactor by the nitrogen
stream. The coking operation was contin-
ued for various times depending on the
amount of coke deposition desired. The
coke catalyst bed was then analysed for
coke content and distribution using either a
thermobalance or the neutron attenuation
technique.

Thermobalance experiments. A conven-
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tional thermobalance was used to analyse
the coke distribution in the catalyst bed. To
do this, the coked catalyst bed was divided
into sections and a sample of each was ox-
idised at a temperature of 823 K in the ther-
mobalance using a mixture of 79% nitro-
gen and 21% oxygen. The water originally
present in the catalyst was removed in the
initial heating period by passing a nitrogen
stream over the sample. When the sample
had achieved constant weight at a tempera-
ture of 823 K the nitrogen stream was sub-
stituted by the 79 : 21 N,/O, mixture of syn-
thetic air. The coke was oxidised and the
loss in weight recorded continuously, while
the exit gases were passed through infrared
analysers to determine the amounts of car-
bon dioxide and carbon monoxide evolved
during the oxidation. The hydrogen content
of the coke was determined by measure-
ment of the water produced.

Neutron attenuation experiments. A col-
limated neutron beam of wavelength 0.48
nm from the DIDO reactor at AERE
Harwell was passed through different sec-
tions of the coked reactor. The attenuation
of the neutron beam allowed the amount of
coke deposited to be estimated as discussed
above. Initially, neutron radiography using
photographic films subsequently analysed
densitometrically, was used to measure the
neutron attenuation, but the results ob-
tained were insufficiently accurate. Ac-
cordingly, a neutron counting technique
was adopted in all later experiments which
gave much better results; this was used in
all experiments reported in this paper. In
this method a boron trifluoride counter was
employed, the counter being fitted with a
ceramic end window. The counter length
was 0.3 m and was filled with BF; gas at a
pressure of 0.92 to 1.0 bar. The exposure
time per sample count was 10 s and the av-
erage of 8 independent counts was taken for
each section of the catalyst bed. The inci-
dent beam was masked to a size of 25 X 13
mm and oriented so that the complete cross
section of the reactor tube was irradiated
simultaneously.



COKE PROFILES BY NEUTRON ATTENUATION

RESULTS AND DISCUSSION
Coking by Xylene

This was accomplished by feeding a pre-
mixed xylene—nitrogen stream over a fixed
bed of silica—alumina catalyst in a 25-mm-
i.d. reactor. The flow rates used were 3 to 4
ml xylene/min in a carrier gas stream of
1000 to 1100 ml/min of nitrogen and the re-
actor temperatures during the coking pe-
riod were 457 or 477°C.

The profiles obtained after coking were
determined by neutron attenuation with
neutron counting using a BF; detector as
described under Experimental. All profiles
exhibited the characteristics of parallel
fouling in that the coke deposit was greatest
at the reactor inlet, decreasing monotoni-
cally with distance toward the reactor exit.
Typical profiles are shown in Figs. 1 and 2
for average coke levels of between 1 and
2%. The highest coke levels which oc-
curred at the reactor inlet varied from about
2.2 to 8% by weight.

Figure 1 shows the profile obtained by
neutron attenuation using a reactor coking
temperature of 457°C. The duration of the
period during which coke deposition oc-
curred was 6 h. As can be seen, the coke

2.4 |
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F1G. 1. Experimental coke profiles determined by
neutron attenuation. Xylene precursor; inlet temp.
457°C; deposition time 6 h.
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FiG. 2. Experimental coke profiles determined by
neutron attenuation. Xylene precursor; inlet temp.
477°C. (a) Deposition time 7 h (O); (b) deposition time
6 h (@).

deposit was greatest at the reactor inlet at
about 2.3% and fell continuously with dis-
tance along the reactor until at the last point
measured, which was 0.6 m from the front
of the bed, the coke concentration had de-
creased to 0.6%.

In the profiles shown in Fig. 2 a higher
temperature was used during the coking
process. For Fig. 2a the duration of the
coking experiment was 7 h. Again the coke
concentration decreases from the reactor
inlet, but now it falls to almost zero before
the reactor outlet is reached. Since the
times of coking are not too different in Fig.
I and Fig. 2a it must be inferred that the
temperature increase from 457 to 474°C is
the dominant reason for the larger coke de-
posit in the inlet region of the reactor in the
latter case. Interestingly, the average coke
levels in both experiments were not too dif-
ferent, ranging from 1.26% in Fig. 1 to
1.95% in the results shown in Fig. 2a. How-
ever, the initial coke level was over 5% in
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the latter case, whereas it was only 2.3% in
Fig. 1.

The results shown by Fig. 2b were also
obtained at a reactor temperature of 477°C
and the time for coke deposition process
was 6 h. The drop in coke concentration
with distance into the reactor was now
more steep than that shown in Fig. 2a, with
an initial coke level of 8% being indicated
although the average coke level was only
1.65%. In this experiment the coke concen-
tration dropped to a negligibly low value
after a distance of 0.35 m from the reactor
inlet. The difference in initial coke percent-
age in Figs. 2a and b is not readily ex-
plained and may be caused by the difficulty
of aligning the neutron beam close enough
to the reactor inlet during the neutron atten-
uation experiments, thus involving a cer-
tain amount of extrapolation of the curves
to determine the inlet coke concentration.

The neutron attenuation results de-
scribed above are consistent and demon-
strate the scope of the technique. It is nec-
essary, however, to check the validity of
the technique by an independent method.
To do this, after a neutron irradiation had
been carried out, different sections of the
catalyst bed were taken from the reactor
tube and analysed by oxidising the coke de-
posit and determining the weight change
using a thermobalance. From this the per-
centage of coke on the catalyst could be
estimated. A comparison of results for neu-
tron attenuation and the conventional anal-
ysis is given in Fig. 3, which shows that the
agreement between the thermobalance
results and those obtained by neutron atten-
uation measurements is, on the whole,
good. The one major exception is the result
for neutron counting at the bed exit (0.6 m),
where a high value was obtained. Examina-
tion of the reactor tube at this point after
emptying the tube of catalyst showed that a
ring of coke had collected on the reactor
walls which could have been caused by lig-
uid xylene condensing at the bottom of the
reactor and subsequently coking on the
inside of the reactor tube. Whatever the

BYRNE ET AL.

20 40 6.0
z(cm)

Fi6. 3. Comparison of coke profiles by neutron at-
tenuation and weight loss methods. (O) Neutron
counting; (@) microbalance.

cause, the coke ‘‘ring’’ clearly accounts for
the high reading in this section of the coked
bed. From Fig. 3 it may be concluded that
neutron attenuation gives good agreement
with the more orthodox, but time-consum-
ing and destructive, methods of analysis of
coke deposits.

Coking by Butene

The second chemical reaction used for
coking the catalyst was the dehydrogena-
tion of butene-1 over a chromia—alumina
catalyst. For these experiments a gas
stream containing 52% of butene-1 in nitro-
gen was passed over the catalyst at a con-
stant temperature of 447°C for durations be-
tween 1.5 and 5.75 h.

The first experiment was for a coking
time of 1.5 h and the results obtained from
neutron attenuation experiments are shown
in Fig. 4a. The shape of the coke profile
obtained is interesting with a sharp initial
rise in coke concentration, followed by an
almost constant level of coke deposit of
about 1% between the points 0.1 to 0.6 m
from the bed inlet. Following this there is a
final steep rise in coke concentration to
about 4-5% at the bed exit. Although the
profile is not regular in shape, the overall
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increase in coke level from inlet to outlet of
the reactor is indicative of series coking, as
would be expected from the dehydrogena-
tion of butene. For the results shown in this
figure a comparison with thermobalance
measurements was not made for all posi-
tions in the reactor, only the final section
being determined by thermogravimetry.
The result for this, which is shown as a half-
open circle, lies on the neutron curve and
so confirms the high level of coke at the bed
exit. The average coke concentration in this
experiment was 1.45% over the whole bed
length.

When the duration of the coking period
was extended to 2 h in a subsequent experi-
ment the results obtained are shown on
curve Fig. 4b. The same shape of coke pro-
file was obtained as in Fig. 4a, with a ‘‘pla-
teau’’ region between the inlet section and
the final sharp rise in coke concentration at
the bed exit. However, the coke concentra-
tion in this ‘‘plateau’’ region was now be-
tween 2 and 3%, but the length of this ‘‘pla-
teau’’ corresponded approximately to that
in Fig. 4a. A final coke concentration of 6%

zZ(cm)

F1G. 4. Experimental coke profiles from butene-1
dehydrogenation; inlet temp. 447°C. (a) Deposition
time 1.5 h: (O) neutron counting; (®) microbalance.
(b) Deposition time 2 h: (@) neutron counting; () mi-
crobalance.
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Fi1G. 5. Experimental coke profiles from butene-1
dehydrogenation; inlet temp. 447°C; deposition time
5.75 h. (O) Neutron counting; (®) microbalance.

was obtained from these neutron attenua-
tion results, and the average coke concen-
tration along the reactor was 2.5%.

A final butene dehydrogenation experi-
ment was carried out for a time of 5.75 h at
the same temperature, flow rate, and con-
centration as in the two previous experi-
ments. Although there was more scatter in
the neutron attenuation results from this
experiment (Fig. 5), the curve obtained
does show the same general features as
those noted above for shorter coking times.
A check on the final coke level was made
with the thermobalance and the result ob-
tained lies in close proximity to the final
neutron attenuation points as shown in Fig.
5. In this coking experiment the average
coke concentration was 4.36% while the fi-
nal coke level attained at the exit of the
reactor was about 8-9%.

The gases evolved during the regenera-
tion of the beds after the three butene dehy-
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drogenation experiments were monitored
by means of CO and CO; analyzers. The
total amount of coke in the bed calculated
from these readings was in good agreement
with the figures obtained from the neutron
attenuation results.

Comparison of Results for Coking by
Xylene and Butene-1

The above results confirm that the coke
deposited from the dehydrogenation of bu-
tene-1 over a chromia—alumina catalyst oc-
curs by a consecutive or series reaction.
The well-defined ‘‘plateau’ region occurs
in the central part of the reactor, and is fol-
lowed by a sharp increase in coke concen-
tration. This does not appear to have been
reported previously and is at the present
time being confirmed, but this feature is it-
self indicative of the ability of the neutron
counting technique to show even a very ir-
regular coke distribution. For xylene, it is
clear that coking occurs by a reaction
which occurs in parallel to the main reac-
tion.

Perhaps the most notable feature of the
coke deposition from butene-1 is that the
amount of coke deposited is very depen-
dent on the duration of the coking process.
In the xylene experiments, due to difficul-
ties in feeding a sufficient amount of liquid
xylene into the system, in order to obtain
an adequate coke deposit, variation of the
time of coking was not possible to the same
extent. For the same reason, as the figures
show, the overall levels of coke deposit
were less in the xylene experiments com-
pared to those for butene.

CONCLUSIONS

The coke profiles caused by the two ex-
tremes of parallel and series coking have
been determined by a new noninvasive
technique, namely, neutron attenuation.
The coke profile for parallel coking was
formed by the cracking of xylene while
that for series coking was generated by the
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dehydrogenation of butene-1. Results from
neutron attenuation experiments were
checked by a conventional gravimetric
combustion method with analysis of the
product gases and good agreement was
found between the two methods.

This new technique is capable of measur-
ing the amount of coke and the coke profile
within a deactivated bed of catalyst, with-
out recourse to the tedious and time-con-
suming task of emptying the catalyst from
the reactor tube and doing a conventional
combustion analysis on the deposited coke.
The method has been shown to work well
for laboratory systems and should be capa-
ble of further development.

Thus, the experiments described in this
paper were performed with a thermal neu-
tron source of intensity 3 X 10° neutrons
cm~2 571, Portable neutron sources of mod-
est cost and with fluxes of 3 X 10? neutrons
cm~2 57! can readily be obtained. The colli-
mation and signal to background ratio of
these sources would be acceptable for most
purposes so that by counting for longer pe-
riods and by being prepared to accept lower
statistical accuracies on the measured coke
concentrations it would be possible to per-
form this analysis for typical industrial re-
actors on a manufacturing site. Future
work will be directed to the application of
such portable sources.
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