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This work aims to determine the major coke precursors in
n-heptane reforming over a commercial Pt–Re/Al2O3 catalyst. We
employ both a multioutlet fixed-bed reactor and a new microbal-
ance that measures coke-on-catalyst by monitoring the natural vi-
brational frequency of a tapered element that is pinned at one end
and has catalyst at its free end. This microbalance does not have the
gas bypass problem common to conventional gravimetric microbal-
ances. We show that five-carbon ringed naphthenes (C5N) are the
only reforming reaction participant species lump whose concen-
tration rises whenever the rate of catalyst activity loss increases
in response to changes in temperature, pressure, or space velocity.
A more quantitative treatment shows that the C5N concentration
profile along the fixed-bed reactor tracks both the coke profile and
the profile of a measure of the local catalyst deactivation rate. Fur-
ther detailed microbalance studies with different hydrocarbon feeds
show that the coking rate is first order in C5N and is almost inde-
pendent of toluene concentration. The C5N formed in n-heptane
reforming quantitatively accounts for most of the coke produced.
All experiments pointed to C5N as the major coke precursor in
n-heptane reforming. c© 1997 Academic Press

INTRODUCTION

Catalyst deactivation by coke deposition is ubiquitous
in catalytic hydrocarbon processing. To improve and de-
velop more robust catalysts, one has to understand the
mechanism and kinetics of the coking reactions. Although
there have been numerous studies on the deactivation of
bifunctional reforming catalysts by coke deposition, the in-
terpretations of the results sometimes diverge. Butt and
Petersen (1) and Franck and Martino (2) review this field
thoroughly.

Attempts to model the coking processes of catalysts
(3–5) have gleaned some insight into the kinetics; how-
ever, these studies have not provided a complete under-
standing of the origin, the nature, or the location of the

1 Current address: Mobil Technology Company, Paulsboro, NJ 08066.
2 To whom correspondence should be addressed.

coke deposited. Furthermore, most coking kinetics models
thus far are in Voorhies’ form, the power law correlation
of the amount of coke with time on-stream (6). Relatively
few coking kinetics studies correlate the coking rate with
the actual coking reaction conditions, such as the partial
pressures of hydrogen and of the hydrocarbon, the amount
of coke on the catalyst, and the operating temperature.
Such a study is difficult to carry out; after all, coke rep-
resents only a few parts per million of the reaction prod-
ucts under realistic reforming conditions (2) and coking
experiments require as long as hundreds of hours. The lit-
erature contains several coke buildup mechanisms (7–9).
They all involve an initial step of dehydrogenation and the
formation of unsaturated species on metal sites. These un-
saturated species are then able to migrate, either via the
gaseous phase or through the adsorbed phase, to the acid
sites of the catalyst where they form dimeric or polymeric
species.

The purpose of the present work is to gain a better quan-
titative understanding of the processes of coke formation in
n-heptane reforming over an unsulfided supported Pt–Re
catalyst and of their kinetics. We choose the reforming of
n-heptane as a representative model system for commer-
cial reforming. It falls within the C6–C9 range of typical
reformer feeds and its reactions are representative of those
of C8 and C9 paraffins (10, 11). The heavier normal paraffins
are expensive to obtain at high enough purity for analytical
work, and the analysis of their reaction products is quite
complex. Accordingly, the kinetic analysis of n-hexane re-
forming would seem to be the simplest choice. Hexane’s
reactions, however, are not representative of C7–C9; it re-
acts primarily to form isohexanes with a poor selectivity to
aromatics compared with C7–C9 paraffins.

There are more than 60 hydrocarbon compounds formed
in n-heptane reforming, as gas chromatography (GC) anal-
ysis indicates. Theoretically, all of these compounds con-
tribute to some degree to the deactivation of a catalyst
by coke deposition. There are some indications that naph-
thenes with five-carbon rings are among the most po-
tent coke precursors (7, 12, 13); however, conclusive
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experimental proof as to which is the major coke precur-
sor is not yet available, and the literature contains differ-
ing conclusions. Therefore, the first step in a fundamental
look at catalyst coking is the determination of the precursor
species, from among the catalytic reaction participants, that
go on to form coke. Aside from its fundamental value for
the understanding of the coking process, knowledge of the
major coke precursor would have an important practical
impact. Since it is very difficult to monitor the coke for-
mation in situ in a commercial reformer, but it is easier to
monitor the gas-phase composition along the catalyst bed,
one might ask: Is it possible to calculate the coke amount
at any time and position along the catalyst bed simply by
monitoring the gas-phase coke precursor concentration as a
function of position and time on-stream? A positive answer
would require a knowledge not only of what the major coke
precursor is but also of how and with what kinetics it pro-
duces coke. That is, after identifying the major precursor,
one can run experiments with it to focus on the reactions
from precursor to coke. The present work presents a de-
tailed determination of the major coke precursor and a very
simple kinetic model for correlating the deactivation data. It
also clarifies certain ambiguities and controversies in earlier
work.

To carry out the work we have at our disposal an integral
fixed-bed reactor with four outlets along the catalyst bed
from which we can continuously monitor gas-phase com-
position. It is similar to the one Marin and Froment (14)
used earlier. This multioutlet reactor also allows us to mea-
sure the coke profile along the catalyst bed. A temperature-
programmed oxidation (TPO) apparatus provides a de-
tailed analysis and classification of the coke on the catalyst
particles discharged from each of the individual sections.
Unfortunately, each coking data point obtained this way
comes at the end of a run. Thus a large number of long-
time runs are needed to procure meaningful data for coking
kinetics studies. In light of this, we have also developed a
novel, flow-through, vibrational microbalance reactor that
is capable of in situ, simultaneous measurement of coke
buildup and gas-phase composition.

This paper begins by describing the experimental appara-
tus and operating parameters. Following this is a summary
of some general trends regarding the effects of process vari-
ables on catalyst coking and on the concentrations of vari-
ous reforming intermediates. Here one notes a definite cor-
relation between the coke formation and the concentration
of C5 naphthenes (C5N) present under those conditions.
We then embark on a kinetic analysis that tracks the pro-
files of the coke amount, the C5N concentration, and the
catalyst activity, all as functions of position along the fixed-
bed reactor. Finally, we present microbalance data, which,
together with the previous data, constitute a package of
very strong and varied evidence that C5Ns are the major
coke precursors.

EXPERIMENTAL

Activity Tests in the Multioutlet Fixed-Bed Reactor

The reactor is fabricated from a 1.27-cm-o.d. stainless-
steel tube with an i.d. of 1.02 cm. Reference (13) details
the setup and operation of the multioutlet rector. It has
four outlets along its wall, which permit sampling of the gas
at four bed heights, corresponding to four different space
times for a given flow rate and catalyst packing. A computer-
controlled stream selection valve automatically connects
one of the outlets to the GC sample coil. A needle valve
upstream of the stream selection valve drops the pressure
of the outlet stream to atmospheric pressure and controls its
flow rate to the GC sample coil. Heat tracing of the sample
stream flow path to 483–543 K ensures that the total product
is in the vapor phase. Since the sample stream extracts less
than 5% of the total volumetric flow traversing the catalyst
bed, there is little change in the space velocity due to the
diversion of the sample stream.

A three-zone furnace with independent PC-programmed
temperature controllers provides varying heat input to dif-
ferent sections of the reactor to facilitate isothermal opera-
tion. Also, dilution of the catalyst (1.6-mm extrudates) with
inert randomly shaped quartz particles with an average di-
ameter of 1.0 mm is necessary to avoid axial temperature
gradients that would otherwise result from the highly en-
dothermic character of the aromatization reaction. These
measures give essentially a uniform temperature profile
along the 33-cm reactor. The Thiele modulus (based on
a molecular diffusivity of 0.74 cm2/sec and a Knudsen dif-
fusivity of 0.14 cm2/sec for heptane in hydrogen at 772 K,
Bousanguet’s additive resistance law and a factor of 1/10 to
account for diffusion in tortuous pores, and an average pore
diameter of 105 Å) of 0.7 for the reactor runs, for first-order
reactions and rate constants typical of the system at hand,
gives an effectiveness factor of 0.9. Although we could have
used smaller particles and obtained a higher effectiveness
factor, our interest was to employ the most widely used
industrial catalyst, the 1.6-mm extrudates.

A typical run’s loading consists of a total of 5 g of catalyst,
diluted with quartz particles of a fairly uniform size, in the
four catalyst sections above outlet 4. Table 1 shows the dif-
ferent loadings of the catalyst in the reactor’s four sections
and the corresponding space velocities. The catalyst load-
ing above the ith outlet is labeled section i (i= 1, . . . , 4).
A half-inch section of quartz particles separates the sec-
tions from each other to avoid ambiguity in the amount of
catalyst attributed to each section. We vary the conversion
either by changing the feed rate for a given catalyst loading
distribution or by changing the catalyst loading of differ-
ent sections for a given overall feed rate. The reforming
conditions for n-heptane on the Pt–Re/Al2O3 catalyst are
similar to those in commercial units. Specifically, tempera-
tures are 733, 750, 772, 783, and 794 K at 517 kPa. At each
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TABLE 1

Catalyst Loading and Corresponding Space Velocities of Different Sections

Run 1 Run 2 Run 3

Outlet number 4 3 2 1 4 3 2 1 4 3 2 1
WHSV (g/hr-g cat.) 2 4 10 110 6 14 26 120 8 18 57 133
Catalyst loading (g) 2.5 1.5 0.91 0.09 2.85 1.0 0.9 0.25 2.8 1.5 0.4 0.3

temperature, three runs totaling 12 liquid weight hourly
space velocities (WHSVs) constitute the kinetic data. Ex-
periments at 207, 345, 517, and 1034 kPa at 750 K provide the
total pressure dependence of the kinetics. To keep the num-
ber of manipulated variables small, we fix the hydrogen-
to-hydrocarbon mole ratio in all experiments at 3, a value
typical of commercial operation.

The procedures used for catalyst pretreatment appear in
detail in (13) and a summary follows: After loading, heat-
ing the catalyst from room temperature to 789 K at 3 K/min
under 2000 cm3/min (at ambient conditions) of hydrogen
and maintaining this temperature for 8 hr reduces the cata-
lyst in situ. A gradual, 3-hr cooling of the reactor to 643 K
precedes the introduction of the n-heptane reactor feed. A
subsequent slow, 3-hr heating of the reactor brings it to run
temperature. On-stream time begins the moment the reac-
tor attains a preselected temperature. A stream selection
valve directs the reaction products from each of the outlets
to an HP5880 gas chromatograph equipped with a 50-m cap-
illary column coated with crosslinked methylsilicone gum.
The lip of each outlet port extends approximately 1 mm
(about one particle diameter or one-fifth of the tube ra-
dius) into the reactor, thereby ensuring that the withdrawn
stream is not a wall artifact.

At the end of the run the liquid feed is stopped and the
reactor is cooled to 643 K over 3 hr and maintained at this
temperature for 5 hr in hydrogen flowing at 430 cm3/min.
This procedure strips the reversibly adsorbed hydrocarbons
off the catalyst, so as not to contribute to the TPO signal
during the analysis of the catalyst coke. Following the 643 K
hydrogen stripping, the reactor is cooled to room tempera-
ture under flowing hydrogen.

After the termination of the run, one discharges the cata-
lyst in discrete sections without mixing so as to be able to
compare the coke content of each section with the activity
measurements.

Coking in a Flow-Through Vibrational Microbalance

Conventional thermogravimetric analyzer (TGA) mi-
crobalances have long played an important role in cata-
lyst coking and decoking kinetics studies (15–18); however,
these TGA microbalances have a number of limitations.
First, since a large but unmeasurable portion of the feed
gases bypasses the catalyst bed, one can determine neither

the true space velocity nor the actual reaction conditions
that the catalyst bed experiences. Thus the intrinsic reac-
tion kinetics remain inaccessible due to these poorly defined
conditions. This is true even when one conducts the reac-
tion at low conversions because dilution by the bypassed
feed gas can give a low apparent conversion at the TGA
exit, while the actual conversion across the catalyst basket
is high. Second, TGAs can suffer external diffusion limi-
tation. Thin layers (one to two particles deep) of catalyst
particles (18) and high flow rates can minimize such prob-
lems, but the necessarily large particle sizes, say, in the range
of 0.07–0.1 cm (the flow in the TGA can blow finer particles
out of the basket), are likely to encounter internal diffusion
limitations for fast reactions. Finally, TGA microbalances
are not accurate for small weight changes below 1% be-
cause of significant buoyancy and drag effects when one
switches from carrier gas to feed gases (18).

To overcome these difficulties we have developed a
novel inertial microbalance system for high-temperature
and moderate-pressure operation at both high and low con-
versions. Reference (19) gives a preliminary description of
this equipment. We now expand on this preliminary report
and tie it to the application of coking in the n-heptane re-
forming system. The major advantage of the new design
is that it provides a packed bed of catalyst through which
all the feed gases flow. It detects changes in the catalyst
mass located at the tip of a tapered element by sensing the
changes in its vibrational frequency. Because of its iner-
tial design, it can enclose a packed bed of catalyst through
which feed vapor flows at considerable rates, without signif-
icant flow-induced buoyancy and drag effects. This design
can measure transient mass gains and losses with a 0.1-sec
time resolution, permitting the observation of transient ad-
sorption and desorption and coking and decoking kinetics
under realistic conditions.

Patashnick et al. (20) first reported this TEOM micro-
balance as a device to quantify dust particles suspended
in air at ambient condition. Recently, Hershkowitz et al.
(21) reported a pulse adsorption study of hydrocarbons
on Y-zeolite using an R&P (Rupprecht and Patashnick
Co., Albany, NY) vibrational microbalance. R&P custom-
manufactured our microbalance, a high-temperature,
moderate-pressure, gram-size-catalyst-loading, highly sta-
ble vibrational microbalance for long-term catalyst deacti-
vation studies under plug-flow conditions. It led to R&P’s
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FIG. 1. Flow diagram of the flow-through, vibrational microbalance.

subsequent development of the Model 1500 Pulse Mass An-
alyzer, which, as in our system, uses mechanical energy and
an optical feedback device to oscillate the tapered element
at its natural frequency.

Let us expand on our earlier brief description (19) of
the vibrational microbalance reactor system. It consists of
a flow-through tapered element oscillating microbalance,
a valving control feeding unit, and a product analysis unit.
Figure 1 shows the diagram of this unit. It can operate at up
to 923 K and 514 kPa. The control unit contains the support
hardware necessary to perform, record, and display real-
time measurements with the microbalance optical sensor
unit, including temperature and pressure controllers and
feedback circuitry to maintain the oscillation of the tapered
element. The product analysis unit contains an HP 5890 gas
chromatograph and a computer with Chrom Perfect soft-
ware for collecting and processing the gas chromatograph
data. Since the tapered element has to vibrate freely, it is
not possible to connect the sample cell outlet directly to the
gas chromatograph for analysis. Therefore, a stainless-steel
tube houses the tapered element and the system requires an
inert gas (He) to purge the space between this outer tube
and the tapered element (Fig. 1) so that the downstream
gas chromatograph samples the true instantaneous change
in gas composition.

The microbalance itself is made up of a hollow tapered
tube with a material test bed located at its tip. Catalyst
particles, held in place by packed quartz wool and an end
cap, fill the material test bed. The other end of the tapered
element is fixed. As the carrier or sample gas flows through
the tapered element and the catalyst bed, the system records
changes in the mass of the catalyst as a result of interactions
with the gas stream.

An electronic feedback system maintains the oscillation
of the tapered element with the catalyst bed on its end in
a clamp-free mode. A feedback circuit uses mechanical en-
ergy to drive the tapered glass element to its natural fre-
quency oscillation. The materials and mountings have very
small losses and result in an oscillating system with very
low damping. Such systems oscillate very easily and are
sharply tuned at their resonant frequencies. This natural
frequency is a function of the mechanical properties of the
glass, as well as the inertia of the glass and catalyst bed.
As this inertia changes, so does the natural frequency. The
microbalance detects changes in the mass m of the catalyst
by monitoring frequency ν changes and using the cantilever
beam, mass-spring equation ν(m)= (κ/m)1/2, where ν is the
natural frequency of the spring-mass system, κ is the spring
(tapered element) constant, and m is the total oscillating
mass (catalyst bed mass+mass deposited or lost+ part of
the tapered element mass).

To determine the spring constant κ , one adds a known
weight to the sample cell, such as the cap. If κ does not
change as the mass in the sample cell changes, then κ =
1m{[ν2(m+1m)]−1− [ν2(m)]−1}−1. To decrease the noise
and improve the detection limit of the measurements, the
catalyst particles are tightly packed in the sample cell to
ensure no movement of the catalyst particles as the tapered
element vibrates. We have on many occasions repeated
experiments with fresh catalysts and found that the data
varied by less than 10% between experiments. The stabil-
ity of the balance is excellent. It drifts less than 0.1 wt%
in 60 hr. This facilitates long-term coking measurements.
The sensitivity of the balance depends on the catalyst load-
ing. We have designed two tapered elements with sam-
ple cells to hold about 0.1 and 1 g of catalyst particles
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FIG. 2. Accurate and reproducible detection of the tiny mass change
resulting from switching the carrier gas from He to N2 in the empty 0.1-g
cell and in the cell packed with quartz particles.

for this microbalance. For a vibrating element assembly
designed to hold 0.1 g catalyst, it detects a mass change
of ∼5 µg.

Due to the high sensitivity of this balance, the mass of
the gases occupying the “void space” in the catalyst bed
(including the internal pores of the catalyst particles) and,
to a much lesser extent due to the shorter distance to the
pinned end, the void space in the rest of the hollow ta-
pered element, both affect the vibrational frequency of the
balance. On switching carrier gases, the microbalance can
detect changes in mass due to the density difference of
the two gases, even when no adsorption or coking occurs.
Figure 2 demonstrates this sensitivity and reproducibility
for a switch from He to N2 at 300 cm3/min and ambient
conditions in the empty 0.1-g taper element. Therefore, one
needs to know what fraction of the total cell mass is due to
the gas itself; i.e., one has to measure the “effective vol-
ume” (total void space in the tapered element including
the sample cell and the flow path from the pinned end to
the sample cell) in each experiment to be able to take this
effect into account when switching from an inert gas to a
feed gas or when adding a feed gas to a hydrogen stream.
Generally, the mass change due to gas density change has
a minor influence on the measurement of coking kinetics,
mostly during the initial coking period; however, it becomes
very important when one wants to measure adsorption and
desorption rates. It is easy to account for this gas density
change once the “effective void volume” is known.

To measure this “effective volume,” one introduces a step
change in the gas density in the tapered element by, for ex-
ample, switching from one inert gas to another, e.g., from
helium to nitrogen and vice versa, while maintaining the
same purge gas. This generates a change 1m in the mea-
sured mass from which one can calculate the “effective vol-
ume” Vg from the ideal gas law: Vg=1m RT/[(M2−M1)P].
Here M2 and M1 are the molecular weights of the inert

gases that generate a change 1m in the measured mass, P
is the pressure, T the temperature, and R the ideal gas law
constant. One determines the actual adsorption plus coke
deposition amount on the catalyst by subtracting the mass
change due to the gas density difference from the measured
value. Figure 2 shows the microbalance-measured results
of switching the carrier gas from He to N2 in the empty
0.1-g cell and the cell packed with 60/80-mesh quartz par-
ticles, respectively. With the measured results, one can de-
termine the volume of the empty cell as well as the volume
of the quartz particles and the porosity of the bed. Thus,
with this vibrational microbalance, one not only can mea-
sure the coke amount but also can determine the catalyst’s
pore volume change due to coke deposition by flowing two
different inert carrier gases through the fresh and heav-
ily coked catalyst bed, respectively. From these data, one
can attempt to ascribe the deactivation to site coverage or
to pore blockage. This is another important feature of the
novel vibrational microbalance.

Coke Analyses

We measured the weight percentage of coke in each
catalyst section of the fixed-bed reactor by a highly sensi-
tive temperature-programmed oxidation technique, using a
modified Altamira temperature-programmed unit (Model
AMI-1). A Ru catalyst converts the CO2 produced during
coke oxidation to methane that a flame ionization detector
continuously monitors. TPO analyses use a 1% O2 in He
mixture flowing at 60 cm3/min through the sample while in-
creasing the temperature at a rate of 13 K/min from room
temperature to 1043 K. Sample weights were about 20 mg.
Reference (22) describes the details of these analyses.

Materials

The gases used in this research are cylinder hydrogen
of electrolytic grade (99.95%), cylinder helium (99.95%),
and cylinder nitrogen (99.95%). The liquid feed n-heptane
(nC7), methylcyclopentane (MCP), ethylcyclopentane
(ECP), and 2-methylhexane (2MH) are all analytical pure
grade (99 mol%). The bimetallic Pt–Re/Al2O3 catalyst, in
the form of 1/16-in. extrudate, contains 0.3 wt% Pt, 0.3%
Re, and 0.9 wt% Cl, and has a BET specific surface area of
200 m2/g. We neither presulfide the catalyst nor add sulfur to
the feed during the run. Catalyst particle sizes are 177–250
µm (60/80 mesh) in the microbalance experiments.

RESULTS OF FIXED-BED EXPERIMENTS

Comparison between the Microbalance
and the Fixed-Bed Reactor

Recall that the reaction mixture’s space velocity and
composition in the catalyst bed are inaccessible in a
conventional thermogravimetric microbalance, since a
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FIG. 3. Comparison of the data obtained from the vibrational micro-
balance (filled symbols) and the fixed bed (open symbols).

large but unmeasurable portion of the feed gas bypasses
the catalyst bed. To demonstrate that the vibrational mi-
crobalance overcomes this problem, we have carried out
experiments in both the microbalance and the multioutlet
fixed-bed reactor with the Pt–Re/Al2O3 catalyst under the
same conditions: 210 kPa, 750 K, H2/nC7= 3, and 28 WHSV.
As discussed, diffusion effects are quite small in the reactor
and negligible in the microbalance due to the much smaller
catalyst particles.

Figure 3 compares nC7 and toluene concentrations ex-
iting the two reactors as functions of on-oil time. Within
experimental error, toluene yields and unconverted nC7

fractions for both units are virtually the same during the
entire 80-hr run. These results point to the importance of
reliably measuring the space velocity in the microbalance
reactor.

Another point of note is that, in contrast to TGA mi-
crobalances (18), the present vibrational microbalance even
provides initial coking rate data (see Fig. 3), since the mass
corrections due to gas density change on introduction of
the nC7 feed are easy to make. Coke deposition is initially
very fast, and slows as the catalyst deactivates. For the fast
coking processes such as catalytic cracking, the catalyst gets
coked in a few seconds; thus, there is an obvious advantage
in being able to observe this fast coking regime directly.

The foregoing results show that the present microbalance
reactor not only permits in situ coking kinetics measure-
ments, but also gives reliable catalyst activity and selectiv-
ity data from which one can determine the kinetics of the
main reactions. Before discussing the data obtained from
the vibrational microbalance, let us look at some general
trends observed from the integral fixed-bed reactor.

Deactivation in the Multioutlet Reactor: Effects
of Process Variables

Effect of pressure. In this series of experiments we vary
the total pressure while holding the H2/nC7 ratio and other

conditions constant. Figure 4 plots nC7 conversion at outlet
4 (reactor exit) versus on-stream time for different pres-
sures at 750 K. As the pressure increases, the conversion of
nC7 also increases. At a low pressure of 207 kPa the catalyst
deactivates rapidly, and the conversion of nC7 drops from
80% (weight basis) initially to 40% after about 120 hr. At
higher pressures nC7 conversion level is relatively flat with
on-stream time. GC analysis of the nC7 reforming product
stream yields about 60 peaks. For C5N, there are a total of
4 major peaks (1,2- and 1,3-dimethylcyclopentane, methyl-
and ethylcyclopentane). The other major peaks include two
isoheptanes (2- and 3-methylhexane), aromatics (benzene,
toluene, and xylenes), cracking products (Ci , i = 1, . . . , 6),
and unreacted n-heptane. All other peaks are minor. We
examined each of these major species individually as well
as summing both major and mirror peaks into the lumps
C5N, C6–, aromatics, and isoheptanes (iC7). Although not
shown, plots for iC7, toluene, and cracked products show
that at 207 kPa the toluene yield begins as high as 27% and
drops to 7%. After the initial transient catalyst deactivation
period, the higher the pressure, the more toluene the reac-
tion produces. Higher operation pressures also lead to more
cracking products. For instance, after 80 hr on-stream, the
yield of cracking products increases from 10% at 207 kPa
to 32% at 1034 kPa. On the other hand, iC7 seems to go
through a maximum of 37% with respect to pressure near
517 kPa.

Figure 5 shows that the reaction produces more C5N at
lower pressures. For instance, after 80 hr on-stream, the
total C5N concentration at 750 K increases from 1.2% at
1034 kPa to 5.8% at 207 kPa. One also sees that C5N con-
centration increases as the catalyst deactivates. Note that
C5N is the only one of the lumped species whose concen-
tration increases monotonically with decreasing pressure,
suggesting that the more C5N produced may correlate with
the faster rate of deactivation.

FIG. 4. Effect of pressure on catalyst deactivation, T= 750 K.
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FIG. 5. C5 naphthene concentration as a function of time on-stream
at different pressures, T= 750 K.

Effect of temperature. Figure 6 shows that the higher
the temperature, the higher the initial conversion of nC7

but the faster the deactivation rate. At 794 K, the conver-
sion of nC7 at 517 kPa drops from 98% initially to 50%
at 160 hr on-oil, whereas at 733 K the conversion is rela-
tively stable between 75 and 68% over the same period.
Thus, curves of different temperatures can cross. High tem-
peratures also yield more C1–C6 cracking products initially
(data not shown); for example, at 794 K the cracking prod-
ucts concentration drops from 36% initially to 18% after
160 hr on-oil, while at 733 K the yield of cracking products
(13%) declines slightly over the same period. This behavior
mirrors that of nC7 conversion. On the other hand, the pro-
duction of iC7 decreases with increasing temperature. The
yield of iC7 decreased from 40% at 733 K to 11% at 794 K
(data not shown). This might be due to a larger amount
of iC7 being cracked at higher temperatures. Finally, Fig. 7
shows that C5 naphthene yield is an increasing function of

FIG. 6. Effect of temperature on catalyst deactivation, P= 517 kPa.

FIG. 7. C5 naphthene concentration as a function of time on-stream
at different temperatures, P= 517 kPa.

temperature, e.g., from 1.5% at 733 K to 6.0% at 794 K.
This suggests that the faster rate of deactivation at higher
temperatures again seems to correlate with the increase in
C5 naphthenes at higher temperatures.

Effects of space velocity. Figure 8 is a parametric plot
of the effect of space velocity on nC7 conversion at 773 K,
517 kPa, and H2/HC= 3. The data labeled “outlet 1” corre-
spond to a high equivalent space velocity of 133 w/w/h. The
corresponding space velocities for outlets 2, 3, and 4 are 57,
18, and 8 w/w/h, respectively (see Table 1). The nC7 conver-
sion increases from outlet 1 to outlet 4 at all times and it
decreases with on-stream time at each outlet. More relevant
here, the rate of deactivation increases as WHSV decreases
in the range of high WHSV until a maximum deactivation
rate (at outlet 3) is reached. The C5N profiles in Fig. 9 show
a similar trend. We shall use the data obtained at different
WHSVs below to develop a simple deactivation model that
correlates with the extent of local coking in the reactor.

Summarizing, the pressure, temperature, and space ve-
locity trends all show a qualitative correlation between C5N

FIG. 8. Conversion of n-heptane versus time on-stream at different
outlets of the fixed-bed reactor.
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FIG. 9. Total concentration of five-carbon ringed naphthenes versus
time on-stream at different outlets of the fixed-bed reactor.

concentration and the rate of catalyst deactivation which is
consistent with but does not yet prove the hypothesis that
C5N is a potent and major coke precursor. Querini and
Fung (13, 23) inferred this connection from some prelimi-
nary data. We now proceed to a quantitative treatment.

MODELING OF CATALYST DEACTIVATION

The goal of this work is to identify the principal reform-
ing reaction participant(s) responsible for leading to the
decrease in catalyst performance with on-oil time. It is com-
mon to think of this quest interchangeably with the search
for the major coke precursors(s). This begs the question of
the relationship between catalyst activity and coke content,
which is usually purely empirical.

One approach to these issues that is appropriate to the
type of data accessible to the multioutlet fixed-bed reactor
is to find, if possible, an appropriate measure of the cata-
lyst activity based solely on gas-phase concentrations, and
to examine how this activity decays with time at each space
velocity. Clearly this latter measure should depend on the
concentration of the as yet unknown precursor. Next, one
simultaneously plots this activity-decay measure, the local
rate of coke formation and the concentrations of the can-
didate culprits versus space time. Such a plot can verify if
there is indeed a unique relationship between activity and
coke amount and, of more immediate relevance, can differ-
entiate between those gas-phase species that are likely to
be major coke precursors and those that are not.

There is a well-established technique for extracting an
activity-decay measure from conversion versus on-stream
time and space time that dates back to Szepe and Levenspiel
(24). This treatment presumes that a reaction involving α
surface sites and the main reactant, n-heptane in the present
discussion, depletes this reactant’s concentration and ex-
clusively accounts for its time evolution. It is, however,
well known [e.g., (10, 25)] that n-heptane undergoes a fast,
reversible reaction with a collection of isoheptanes (iC7),
which we may lump into the pseudospecies C. Thus, below

we extend Szepe and Levenspiel’s analysis to include a re-
versible reaction between the main reactant A and species
C. That is, we deal with a lumped reaction scheme of the
form C↔A→B, where B is the lump of all hydrocarbon
products other than iC7. With this simple reaction scheme,
we wish to find an approximate measure of local catalyst
decay rate based on the on-stream behavior of A and C.
We shall show that, under a set of assumptions that are ap-
propriate and many of which are experimentally verifiable,
the final results reduce to tractable expressions.

Since the catalyst deactivates, the net consumption rate
−rA[c(s, τ )] (0 ≤ s ≤ t)of A depends on the current species
concentration vector as well as on the concentration history
that the catalyst has seen over its on-stream time t at its par-
ticular position (space time τ in the reactor). Suppose that
the deactivation affects all reactions contributing to rA sim-
ilarly and proceeds over a much longer time scale than the
main reactions. Suppose also that the catalyst deactivation
depends only on the concentration cp of coke precursors
whose local value cp(t, τ ) ≈ cp(τ ) has not varied much over
the catalyst’s on-stream time t. For example, Fig. 9 illus-
trates that after the initial transient, the concentration of
C5Ns is usually relatively insensitive to t. Following Szepe
and Levenspiel (24), we split rA into the product of a fresh
catalyst rate rA0 that depends on the instantaneous local
concentration vector c (t, τ ) and an activity function a that
depends in principle on the local concentration history of
the catalyst. Accordingly,

rA[c(s, τ )] = a[c(s, τ )] · rA0[c(t, τ )]

= a(t, c∗p, τ ) · rA0[c(t, τ )], 0 ≤ s ≤ t. [1]

Suppose the reactions that deplete A are all qth order in
cA and their rate constants sum to kA. Suppose also that
the reaction C→A is first order with rate constant kC. If
the rate of change of the concentration of the active sites
or the fraction f of the catalyst’s unused fouling capacity is
nth order in f with rate constant kd, and if a represents the
simultaneous availability of α active sites for the main reac-
tions (a = f α), one can describe the system by the following
pseudohomogeneous fixed-bed model:

dcA

dτ
= rA = arA0 =

(
kCcC − kAcq

A

)
a,

cA = cA0 at t = 0; [2]
d f

dt
= −kd f nF(cp) = −Kd f n, f = 1 at t = 0. [3]

Here the deactivation pseudoparameter Kd is the proposed
measure of the local rate of catalyst deactivation. Note that
Kd= kdF(cp) depends on the local concentration of pre-
cursor (which depends on τ ), but is, by hypothesis, time
invariant.

That a is a function of τ through cp makes it impossible
to integrate Eq. [2] explicitly because we do not know the
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functional dependence of a on τ ; however, assuming that
cp(τ ) and a(t, cp) are continuous, one can use the mean value
theorem to integrate Eq. [2] from ith to the i+ 1st outlet.
If kC 6= 0, the integration is straightforward for q= 0 and 1.
Thus, after some algebra, we have

ln
cA(τi )

cA(τi+1)
= −k̄i 〈a〉i (τi+1 − τi ), i = 0, 1, 2, 3 (q = 1),

[4]

k̄i =

kA

1−
ln
[
1+ kc

cA(τi )

∫ τi+1

τi
exp
(
kA
∫ τ
τi

adτ ′
)
a(τ )cc(τ )dτ

]
kA〈a〉i


(q = 1), [5]

〈a〉i = 1
τi+1 − τi

∫ τi+1

τi

adτ, [6]

cA(τi )−cA(τi+1) = k̄i 〈a〉i (τi+1−τi ), i = 0, 1, 2, 3 (q = 0),

[7]

k̄i = 〈kccc−kA〉i = 1
〈a〉i

∫ τi+1

τi

(kccc−kA)adτ (q = 0). [8]

Note for q= 0, we do not consider the case of reactant ex-
haustion. Analytic integration for kC 6= 0 and cC not con-
stant is not easy for other values of q. In Eqs. [5] and [8],
〈a〉i and 〈kccc − kA〉i are mean values of their arguments
between outlets i and i+ 1. According to the integral mean
value theorem, between outlets i and i+ 1 there exists at
least one point τ ∗i , whose exact position is not specified, at
which the activity takes on the value 〈a〉i . At τ ∗i , one can
substitute the solution of Eq. [3] into Eq. [4] for a to get the
forms in Table 2 for various α, n, and q. In the context of
the approximations made thus far these forms are exact.

If kC were zero (no reaction C → A) then the k̄i in
Table 2 would simply equal kA and be independent of τi .
For kc 6= 0, k̄i = k̄i (τi , τ

∗
i , t). Clearly, for Kdi = Kd(τi ) as de-

termined from the multioutlet fixed-bed reactor and one of

TABLE 2

Different Activity Functions and nC7 Concentration-versus Time Correlations

Correlation of concentration vs time
Parameters Activity
α and n function, a q= 1 q= 0

α= 1, n= 1 a = exp(−Kdi t) ln
[

ln
(

CAi
/CAi+1

)
1τi

]
= ln k̄i − Kdi t ln(cAi − cAi+1 ) = ln k̄i1τi − Kdi t

α= 1, n= 0 a = 1− Kdi t ln
CAi

CAi+1
= k̄i1τi (1− Kdi t) cAi − cAi+1 = k̄i1τi (1− Kdi t)

α= 1, n= 2 a = 1/(1+ Kdi t)
(

ln
CAi

CAi+1

)−1

= 1
k̄i1τi

(1+ Kdi t)
1

CAi
−CAi+1

= 1
k̄i1τi

(1+ Kdi t)

α= 2, n= 2 a = 1/(1+ Kdi t)2
(

ln
CAi

CAi+1

)−1/2

=
(

1
k̄i1τi

)1/2
(1+ Kdi t) (cAi − cAi+1 )

−1/2 =
(

1
k̄i1τi

)1/2
(1+ kdi t)

the correlations in Table 2 to be a useful measure of the
local catalyst deactivation rate, k̄i must be only a very weak
function of time t. We shall assume this for the moment and,
after determining a set of n and α that is consistent with the
data, consider it in detail.

Clem (10) first indicated that, with excess hydrogen, all
reactions in n-heptane reforming are first order. In addition,
many of the models of n-heptane reforming in the literature
(14, 25–27) and the data from which they derive support
the choice q= 1. For instance, if one uses the Langmuir–
Hinshelwood model and the data in these works, one finds
that the adsorption term in the denominator is close to unity
and varies by less than 5% under the conditions and over
the largest difference in space times (0 and 30 min) that we
have employed. Moreover, we have done a detailed anal-
ysis of n-heptane reforming kinetics over a wide range of
conditions and found that (probably for this reason) the re-
action network is very well described by first-order kinetics
(28). The equilibrium constants derived from the model are
consistent with thermodynamic values.

For a catalytic reactor and each candidate coke precur-
sor, one can use the data of reactant concentration at the
inlet and at each of the outlets as functions of t to test each
of these correlation forms. This procedure includes the ap-
proximation that, whereas for each i these values of τ ∗i may
not be the same for all times t, a(cp(τ

∗
i )) is insensitive to

this fluctuation in τ ∗i with t.
As it turns out all of the q= 1 model plots based on

Table 2 yield fairly straight lines. Since for 140-hr fixed-bed
runs, the values of Kdtmax turn out to be≤0.6, it is diffi-
cult to distinguish among the q= 1 models based solely on
the straightness criterion. [These models first differ from
one another at order (Kdt)2.] We choose the q=α= n= 1
model, since it shows the most systematic variation with
coke content (see Figs. 11 and 13 below). Figure 10, con-
structed from the data in Fig. 8 (converted to molar con-
centrations or equivalently, since the total pressure is fixed,
to molar fractions y), illustrates the excellent fit of the data
to this model, yielding slope Kd(τ

∗
i ) and intercept k̄i . We

have extensive data on nC7 concentration versus time at
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FIG. 10. Fitting of experimental data by theα= n= q= 1 model listed
in Table 2.

different operating conditions and all of them fit as well as
Fig. 10.

Before using the Kd profiles along the multioutlet reactor,
we examine under what conditions k̄i is indeed practically
independent of time. To begin, we resolve the remaining
integrals in Eq. [5] using repeated applications of the mean-
value theorem and different superscripts on τ for each such
application.

Since a= e−Kdt and cC(t) are both nonnegative,∫ τi+1

τi

[
exp
(
−kA

∫ τ

τi

adτ ′
)]

a(τ )cc(τ )dτ

= a(τ ∗∗i )

∫ τi+1

τi

exp{kAa[τ+(τ )](τ − τi )}cc(τ )dτ

= a(τ ∗∗i )cc(τ
∗∗∗
i )

∫ τi+1

τi

exp{kAa[τ+i (τ )](τ − τi )}dτ

≈ a(τ ∗∗i )cc(τ
∗∗∗
i ){exp[kAa(τ+∗i )1τi ]− 1}/[kAa(τ+∗i )], [9]

where the latter part of Eq. [9] uses the ≈ sign because it
replaces τ+i (τ ) by a constant τ+∗i . If we presume that all
of the mean-value theorem τ ’s are approximately at the
midpoint τ̄i between τi and τi+1, then k̄i becomes

k̄i = kA

1−
ln
{

1+ kccc(τ̄i )

kAcA(τi )
[ekAa(τ̄i )1τi − 1]

}
kA exp[−Kd(τ

∗
i )t]1τi

 . [10]

Even though t appears in both the denominator and, via

TABLE 3

Kd, k̄i , and iC7 Concentrations (Mole Fractions) Obtained at Different Space Times (T= 750 K, P= 517 kPa, H2/nC7 = 3)

Space time (g cat. min/g oil)

30 15 10 7.5 6 4.29 3.33 2.31 1.05 0.55 0.50 0.45

Kd(τ )× 103(hr−1
) 0.41 0.98 1.89 2.0 2.50 2.75 2.69 2.54 2.65 2.24 1.80 1.45

k̄i (hr−1
) 4.26 6.36 7.96 9.51 10.5 10.8 12.7 14.2 17.3 18.2 20.5 18.2

ȳi C7 0.21 0.34 0.39 0.38 0.34 0.33 0.28 0.22 0.12 0.08 0.08 0.05
ynC7 0.06 0.15 0.22 0.31 0.38 0.46 0.56 0.65 0.82 0.87 0.87 0.90

a(τ̄i ), in the numerator of the function in Eq. [10], the de-
pendence of k̄i on t may be weak enough to almost
cancel. For example, if kAa(τ̄i )1τi ¿ 1 and {kccc(τ̄i )/

[kAcA(τi )]}[ekAa(τi )1τi − 1]¿ 1, then expansion of both the
logarithm and the exponent to leading order leads to a can-
cellation of the factors a(τ̄i ) = e−Kd(τ̄i )t and leaves an inter-
cept of

k̄i ≈ kA − kC
cC(τ̄i )

cA(τi )
. [11]

Thus if cc(τ̄i , t)/cA(τi , t) is only weakly dependent on t and,
as noted above, the mean value τi ’s are all close to the mid-
points of the interval (τi+1, τi ), then a plot of the equation
for α= n= q= 1 listed in Table 2 should lead to a straight
line whose slope is −Kd(τ̄i ) and whose intercept is well de-
fined, but depends on the reactor outlet τi in question via
cc(τ̄i )/cA(τi ) there. If, as noted, the t dependence in Eq. [10]
almost cancels, plots of k̄i should follow the forms in Eq.
[10] or Eq. [11] with nearly t-independent coefficients.

Activity, Coke, and C5-Naphthene Profiles

Let us now test the foregoing argument against the de-
activation data. Although at very high nC7 conversions, re-
actions other than iC7→ nC7 that produce nC7 contribute,
they affect rA by less than 10% even at conversions of 95%,
and so the theory above is potentially applicable even to
this regime (28).

As noted, the regression in Fig. 10, constructed from the
data in Fig. 8 for (α, n)= (1, 1), gives an excellent correla-
tion. The deactivation “pseudoparameter” Kdi and the k̄i

values derive from the slopes and intercepts of these plots.
Table 3 presents the results at different experimental con-
ditions (three flow rates× four exits). One may argue that
taking the logarithm twice of almost any monotonic func-
tion will provide a plot that looks linear. But, as noted, plots
for other q= 1 models are also fairly linear and provide pa-
rameter values that are in the same ball park. Moreover, as
Fig. 11 shows, the pseudoparameter Kdi correlates very well
with coke buildup and with the concentration profile of one
and only one set of the reaction participants, the suspected
coke precursors, as we discuss below.

Finally, Eq. [10] or [11], using the values yi C7(τ̄i )≈
[yi C7(τi ) + yi C7(τi+1)]/2 and ynC7(τi ), explains the variation
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FIG. 11. Profiles of C5 naphthenes, coke, and Kd along the catalyst
bed at t= 170 hrs.

of k̄i with τ quite well, as the solid circles (yi C7 and ynC7 data
at t= 40 hr) in Fig. 12 illustrate. What we need to do next is
to test if k̄i is indeed a weak function of t.

Figure 12 actually plots k̄i versus cc (τ̄i , t)/cA(τi , t) for t
evaluated at three times, 40, 70, and 100 hr, all after the
initial transient. The lines are regression results based on
Eqs. [10] and [11], with the former for regression purposes
being rewritten as

k̄i = kA

[
1− β ln

(
1+ γ cc(τ̄i )

cA(τi )

)]
, [12]

where γ = [kA exp(−Kdt)1τ ]−1. With this equation, a single
curve fits the data at all three times quite well. This illus-
trates that the curve is essentially time independent and
thus k̄i is primarily a function of τ through the concentra-
tion ratio c̄c/cA. Table 4 further illustrates this point by pro-
viding the best-fitting parameters for each of the data sets
individually and combined. Note that kA and β are prac-

FIG. 12. k̄i as a function of cc(τ̄i , t)/cA(τi , t) for t= 40 (d), 70 ( ), and
100 (4) hr. - - -, Eq. [11]; —, Eq. [12].

FIG. 13. C5 naphthenes, coke, and Kd as a function of space time τ
for different on-stream times (170, 224, 240 hr). Inset: parametric plot.

tically time-independent and γ ’s fluctuation is well within
its standard deviation. (This latter value is large because
the form of Eq. [12] has the property that small changes in
the data yield large changes in γ .) As Fig. 12 and Table 4
show, the linear fit based on Eq. [11], not surprisingly, is only
qualitative. Finally, we stress that as long as one considers
data for which the 1τ between adjacent τi values is small,
the approximation of the mean-value theorem positions by
the midpoint between τ i and τi+1 is probably reasonable.
That 1τ is larger for the large τ (large conversion) experi-
ments probably accounts for the larger scatter of points at
the same τi value from each other (but not from the solid
curve) at the right of Fig. 12. As noted earlier, our treatment
may eventually break down at large τ .

Since our reactor has only four outlets, each circa∼170-hr
run provides only four data points for the coke, C5N, and Kd

profiles. To assemble more data, we also plot the collected
coke, C5N, and Kd data versus the 12 space velocities cor-
responding to three separate runs in Fig. 13. All three runs
had the same temperature, pressure, and H2/nC7 mole ra-
tio, but different on-oil times (240, 224, and 170 hr); hence
the data in Fig. 13 are not as smooth as those of Fig. 11.
The three profiles only appear to cross due to the choice of
scale. This figure shows the profiles of deposited coke3, the
corresponding time-averaged C5N concentrations and the
Kd values. Remarkably, all three profiles are extremely sim-
ilar. That Kd and Ck track each other closely as to almost be

3 Note that the TPO value for the coke concentrations in the ith reactor
section is an average value for the section of the bed between outlets i and
i+ 1. Assuming that the coke concentration is a continuous function of bed
position τ , there is at least one position in section i where the coke concen-
tration takes on that value. Just as in the mean-value theorem arguments
above, we approximate these positions by the section midpoints.



                  

466 LIU ET AL.

TABLE 4

Values of Best-Fitted Parameters for Eqs. [11] and [12]

Equation [12] Equation [11]
Time t

(hr) kA β γ kA kC

40 21.76± 1.51 0.26± 0.073 6.98± 5.66 18.25± 0.75 7.01± 0.80
70 22.10± 1.60 0.24± 0.062 10.06± 8.08 18.06± 0.81 7.73± 0.98

100 21.97± 1.64 0.23± 0.06 11.34± 9.02 17.92± 0.82 7.82± 1.03
Combined 22.00± 0.95 0.24± 0.04 10.10± 4.88 18.01± 0.44 7.40± 0.52

multiples of one another, i.e., Kd ≈ ξ(t)Ck(t), agrees with
Froment’s group’s (24, 26) findings, as we anticipated. That
is, a = e−Kdt ≈ e−αCk , where α = ξ(t)t, t being the time of
the run. Note that α being independent of t is equivalent to
Ck being proportional to t.

All three profiles in Fig. 13 exhibit a maximum at a space
time of about 5 min under these experimental conditions,
which indicates that the coke derives from a reforming in-
termediate. That is, since unlike the flowing gas the catalyst
is stationary and builds up coke in place, the fact that coke
concentration Ck goes through a maximum in τ suggests
that its rate of production and hence its precursor’s con-
centration do the same. Clearly, it would be preferable to
plot the profile of the rate dC/dt rather than of Ck. Unfor-
tunately, TPO analysis of the fixed-bed data do not provide
such data and we defer such an analysis to the next section
(see Fig. 17). On the other hand, if the precursor concen-
tration is time invariant, then dCk/dt will be as well, and
Ck(t) is just proportional to dCk/dt. The fact (Fig. 9) that
the C5N concentrations are fairly flat after the initial tran-
sients and the tracking of the curves in Figs. 11 and 13 are
consistent with C5N being the major coke precursors and
with this interpretation.

FIG. 14. Coke versus time on-stream at different WHSVs; data ob-
tained from vibrational microbalance at 207 kPa.

DETAILED VIBRATIONAL MICROBALANCE STUDIES

Up to this point, we have assembled a battery of evidence
that, in aggregate, suggests C5N as the major coke precursor
in n-heptane reforming. This finding is consistent with that
of Querini and Fung (13) whose experiments covered a
relatively narrow range of conditions; however, all these
data are integral in nature and thus leave some room for
doubt. Below we employ the new vibrational microbalance
with its in situ coke measuring and simultaneous reactor
gas-phase monitoring capabilities to provide our final, most
direct and quantitative evidence.

Figures 14 and 15 show the effects of space velocity on
coke and C5N, both as functions of on-stream time over the
Pt–Re/Al2O3 catalyst. Here the faster rate of coke buildup
at low space velocities, just as the fall in activity in Fig. 8, is
associated with the higher C5N concentrations.

To further quantitatively determine which of the hydro-
carbon groups is the major source of coke and also to test
the conjectures/conclusions in the literature, we perform
experiments to compare the coking rates of different hydro-
carbon (HC) feeds in the vibrational microbalance at 207
kPa, 750 K, and H2/HC= 3.0 over the Pt–Re/Al2O3 cata-
lyst. Figure 16 shows the coking rates of the following feeds:

FIG. 15. Total concentration of five-carbon ringed naphthenes versus
time on-stream at different WHSVs; data obtained from vibrational mi-
crobalance at 207 kPa.
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toluene, nC7, 96% toluene+ 4% ECP, 96% toluene+ 4%
MCP, 50% toluene+ 50% MCP, and pure MCP and ECP.
MCP and ECP are two of the C5Ns that hexane and heptane
reforming generates.

Figure 16 shows that the pure MCP and pure ECP feeds
produce significant amounts of coke and, in fact, much more
than pure nC7 or toluene feeds. This indicates that C5Ns
are potent coke precursors in paraffin reforming and, in
fact, are much more potent than the feed or product. It is
consistent with the multioutlet fixed-bed reactor results and
with the conjecture of Zhorov and Panchenkov (7).

Van Trimpont et al. (26) proposed that the interconden-
sation between toluene and C7 cyclopentadienes is respon-
sible for most of the coke in nC7 reforming. To test this hy-
pothesis, we compare the coking rate of a 50% MCP+ 50%
toluene mixture feed with the coking rate of pure MCP. Pre-
sumably, Van Trimpont et al. would expect the coking rate
of a 50/50 MCP/toluene feed to be faster than that of pure
MCP. As it turns out, though, Fig. 16 shows the opposite
is true; it is thus difficult to conclude that these data are
consistent with the proposition that the intercondensation
between toluene and C7 cyclopentadienes is the primary
source of coke. Figure 17 shows that the initial coking rate
is in fact linear in the partial pressure of MCP.

At this point, it is natural to conjecture that C5Ns ac-
tually account for most of the n-heptane reforming coke.
Under the conditions employed, the nC7 feed produces a
total of∼4 wt% C5N at the exit of the microbalance. Also,
the coking rate of toluene in Fig. 16 is much lower than that
of nC7, MCP, or ECP. So, it is easy to test our conjecture by
feeding the 4% C5N + 96% toluene into the microbalance
and comparing the resulting coking rate with that of pure
nC7. As Fig. 16 shows, these two are quite similar with ei-
ther MCP or ECP as the model compound of C5N. Finally,
note that the coking rates of MCP and ECP are almost in-
distinguishable from each other. This indicates that at least

FIG. 16. Coke versus time on-stream for different hydrocarbon feeds;
data obtained from vibrational microbalance at 207 kPa.

FIG. 17. First-order dependence of initial coking rate on methylcy-
clopentane partial pressure.

two and maybe all different C5Ns have similar coking rates.
Hence, it is reasonable to use the readily available and rel-
atively inexpensive MCP as the model compound for C5N
to study coking kinetics.

CONCLUSIONS AND OUTLOOK

The coincidence of the C5N concentration trends and
coking trends with pressure, temperature, and space ve-
locity; the tracking of C5N, coke, and deactivation profiles
in the fixed-bed reactor; and the differential microbalance
coking studies all point to the same conclusion: The catalyst
coke in paraffin reforming derives mainly from the C5N in-
termediates; the more C5 naphthenes produced, the more
coke forms and the faster the rate of deactivation. The mi-
crobalance studies also show that toluene contributes little
to the coke formation and MCP is an adequate model com-
pound of C5Ns for detailed coking kinetics studies as well
as for exploratory studies aimed at developing more robust
catalysts (e.g., C5Ns can be used in accelerated aging tests).
These results clarify some of the controversies regarding
the coking mechanisms reported in the literature. More-
over, since the C5 naphthene concentration is not uniform
along the catalyst bed, neither are the coke content and the
rate of catalyst deactivation. This explains why the coking
and deactivation rates correlate with the space velocity and
hence finally why the coke formation in the fixed bed is not
uniform.

To carry out this work, we have developed a new mi-
crobalance reactor system that simultaneously provides ac-
curate measurements of coking kinetics and reliable reac-
tion kinetic data. This is because the flow-through design
of the vibrational microbalance eliminates the feed gas by-
passing problem encountered in traditional thermogravi-
metric microbalances. The flow-through capability and the
high sensitivity and stability of the vibrational microbal-
ance make it an ideal general tool for research not only
in catalyst coking/decoking kinetics studies under realistic
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conditions but also in absorption/adsorption and desorp-
tion studies; gas–solid reactions involving mass gain/loss;
solvent recovery/destruction analysis; desiccant characteri-
zation; gas density and catalyst pore volume measurements;
and catalyst characterization and regeneration.

Modeling industrial catalytic reforming processes and
predicting the coke profile require a knowledge of the kinet-
ics of both the main reaction and the side coking reactions
that cause catalyst deactivation. The coke profile is a crucial
input to the simulation and control of the catalyst regenera-
tion process. An uneven coke distribution along the catalyst
bed can lead to sharp temperature spikes that can severely
damage the catalyst. Unfortunately, it is almost impossible
to do on-line coking rate measurement for a commercial
reformer; on the other hand, it is easier to do on-line gas
product analysis of a commercial reformer. Thus, the iden-
tification of C5N as the primary coke precursor holds out
the possibility of accurate inference of the state of cok-
ing and of the coke profile of an operating reformer from
the gas-phase monitoring of the C5N concentration along
the bed.

Two obvious questions remain: (1) To predict the amount
of coke being formed and the resulting catalyst coke pro-
file from C5N concentration data requires a coking kinetics
model. Can a satisfactory one be developed? (2) Can a sim-
ple model for the reforming reactions be developed that
includes a C5N lump and thus that accurately predicts the
C5N profile? We shall attempt to answer these questions in
future papers.

APPENDIX: NOMENCLATURE

a activity function
cp concentration of coke precursor
cA reactant (n-heptane) concentration
Ck total amount of coke deposited on the catalyst,

g coke/g catalyst
C5N five-carbon atom ring naphthenes
f catalyst’s unused fouling capacity
k reaction rate constant
ki defined in Eq. [5]
Kd deactivation parameter, Eq. [3]
m total oscillating mass
n deactivation order, Eq. [3]
P total pressure, kPa
q order of main reaction, Eq. [3]
PH2 partial pressure of H2, kPa
rA reaction rate of component A
r0 reaction rate of component A at time zero
t on-stream time
T temperature, K
V volume, cm3

W weight of the catalyst, g

Greek Letters

α number of active sites involved in the rate-
controlling step

β [kA exp(−Kdt)1τ ]−1

τ space time, g cat. min/g oil
κ spring constant
γ kc[exp(kca1τi − 1)]/kA

ν frequency
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