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1. Introduction

ABSTRACT

The deactivation of a zeolite catalyst in the conversion of methanol to hydrocarbons is described as a
reduction of the effective amount of catalyst with time on stream. With the assumptions that the conver-
sion of methanol is a first-order reaction, and that the loss of active catalyst is proportional to the con-
version, an expression for the conversion with time on stream is obtained, which describes the
experimental data well. This expression contains the rate constant, that characterizes the activity, and
a deactivation coefficient that describes the deactivation behavior as parameters. It is shown that active
catalysts show a more sudden decrease in conversion, and that the deactivation rate determines the time
at which the decrease in conversion is observed. If the initial conversion is close to 100%, the lifetime to
50% conversion does not depend on the activity, and the deactivation coefficient is directly derived from
the experimental data, by dividing the measured lifetime to 50% conversion by the applied contact time.
The lifetime to all other conversion levels is dependent on both deactivation and activity, which implies
that a catalyst lifetime to breakthrough of methanol does not scale with the deactivation rate. Likewise, it
is shown that the conversion capacity is a good characterization of the deactivation, and this can be read-
ily calculated as the product of the space velocity of methanol (WHSV) and the lifetime to 50% conversion.
The amount of converted methanol at other conversion levels depends on the deactivation, the activity,
and applied contact time (space velocity), and is therefore less appropriate to use as a characterization of
the deactivation behavior.

© 2009 Elsevier Inc. All rights reserved.

sites, either by deposition of carbonaceous compounds directly on
the acid sites itself and in the micropore channels of the zeolite

The methanol to gasoline (MTG) reaction is the conversion of
methanol over a zeolite-based catalyst to light olefins (C;-Cy4)
and liquid products in the boiling point range of gasoline, which
typically occurs in the temperature range of 300-400 °C. In the
TIGAS (Topsee Integrated GASoline) process, the MTG reaction is
combined with the methanol synthesis, and in this way an efficient
process converting synthesis gas to gasoline is obtained [1,2].

The MTG reaction can be regarded as a sequential reaction, con-
sisting of the following steps [3]:

Methanol 2 DME — light olefins — gasoline products

and this is known to occur on a variety of zeolites [4]. The ZSM-5
zeolite, however, is the most commonly applied one, since it ap-
pears to be superior for this reaction. The MTG reaction over a
ZSM-5-based catalyst is, like many other hydrocarbon reactions
over zeolite catalysts, always accompanied by coke formation,
which leads to deactivation of the catalyst. The deactivation by coke
formation occurs through blocking the access to the active acid
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(internal coke), or by blocking the entrance to the micropores,
thereby preventing the diffusion of methanol molecules into the
zeolite structure (external coke) [5-11]. Loss of activity due to the
coke formation is, in principle, reversible, and the catalytic activity
can be restored by a regeneration that removes the deposited coke.
A common procedure is to burn off the coke with oxygen at 500-
600 °C [7,8,12,13]. Regenerated catalysts often show a somewhat
lower activity than fresh ones, possibly due to dealumination of
the zeolite, which typically occurs at elevated temperatures
(>500 °C) in the presence of water.

As a consequence of the deactivation, the total amount of meth-
anol that can be converted over a ZSM-5 catalyst is limited, and it is
therefore important to know the deactivation behavior of the cat-
alyst. To characterize catalyst deactivation, it is required to de-
scribe how the catalytic activity decreases during the catalyst
lifetime. Different approaches for such a description have been
developed. The approach often encountered in the literature is
based on a description of carbon formation as a function of contact
time, e.g. by the empirical Voorhies equation [11,14,15]. The cata-
lyst activity is then related to the carbon content in the catalyst,
using (semi-) empirical relations, resulting in the description of
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the activity as a function of time [15-19]. The percolation model
describes the coke formation in the zeolite channels and the acces-
sibility of the active sites in more detail, from which then the activ-
ity is derived [20-23]. Clearly, in these approaches, catalyst
deactivation is directly related to the formation of coke, and deac-
tivation by dealumination is not included as such. The advantage of
these models is that the catalyst deactivation is related to the
chemistry of carbon formation in the zeolite channels, which is
helpful in the design of zeolite structures with a stable activity
for MTG.

Another approach is to describe the change in catalytic activity
with time, and incorporate this in a kinetic model. This yields a
phenomenological description, and is independent of the cause of
deactivation. Usually, the activation is defined by the ratio of the
rate expression after a given time on stream and that for the fresh
catalyst, which results essentially in a time-dependent rate con-
stant [24]. The deactivation often depends on parameters, such
as conversion, current activity, or certain product concentrations,
and is typically described by similar expressions as a reaction rate,
based on rate constant and an activation energy for deactivation.
The deactivation is then characterized by one or more rate con-
stants and activation energies [25-29].

In this article, it will be shown that catalyst deactivation in
MTG also can be described as a loss of the effective amount of ac-
tive catalyst in the reactor during catalyst operation, instead of a
decrease in the rate constant, also resulting in a phenomenologi-
cal description of the deactivation. The rate at which the effective
amount of active catalyst decreases is then a direct measure for
the catalyst deactivation. This approach is similar to the concept
of an effective space velocity, which was proposed previously by
Dahl and Kolboe [30,31] and Sapre [32], as a reduced amount of
active catalyst results in an effectively lower contact time or high-
er space velocity.

To measure the catalyst deactivation experimentally, the con-
version with time on stream is followed under constant process
conditions. The deactivation rate is then derived from a model that
describes the observed decrease in conversion in terms of a loss of
active catalyst. In this article, experimental data for a few selected
ZSM-5 zeolites, showing different deactivation behavior, are pre-
sented. The deactivation rates determined in this way can, in prin-
ciple, be used for further study of the influence of catalyst
properties, e.g. acidity, particle size, or of process conditions, e.g.
temperature, pressure, feed composition, on the catalyst deactiva-
tion. The scope of the present article, however, is confined to the
derivation of a deactivation model, and the procedures that can
be used to extract information on the deactivation behavior from
the experimental data, with the aim to develop a method for the
characterization of catalyst deactivation.

The model that is derived here is based on the assumptions that
the conversion of methanol is a first-order reaction, and that the
deactivation rate is proportional to the total conversion of metha-
nol and DME. The rate constant and the deactivation rate appear as
the parameters to be determined. Since the deactivation is re-
garded as a reduction of the amount of active catalyst, or of the
number active sites, rather than a reduction of the intrinsic activity
of an active site, the rate constant does not change with time in the
model. Although this seems to be a severe simplification, it turns
out that it describes the observed conversion of methanol with
time on stream well, and, in addition, a surprisingly easy method
to extract the deactivation rate from the experimental data is
found. The experimentally determined deactivation rates and rate
constants are used to calculate the catalyst lifetime and the con-
version capacity. The model gives a clear insight on how the cata-
lytic activity, the space velocity, and the deactivation behavior
affect the measured conversions, the catalyst lifetime, and the con-
version capacity of the catalyst.

2. Experimental

To measure the deactivation, the total conversion of methanol
to hydrocarbons, i.e. the hydrocarbon yield calculated on a C-atom
basis, is measured as a function of time. Though it does not include
the conversion of methanol to DME, this is referred to as “conver-
sion” throughout this paper; methanol and DME are assumed to be
in equilibrium and treated as one kinetic species. The deactivation
measurements have been performed in a 10-channel parallel reac-
tor setup, using steel reactors with an inner diameter of 3 mm.
About 150 mg of a ZSM-5 zeolite sample (150-300 pm sieve frac-
tion) was loaded in each reactor, and one channel was left empty
to measure the feed composition. The deactivation measurements
were performed at 350 °C and 15 bar, using a feed of 14 mol%
methanol in N at a total flow rate of 350 Nml/min. The methanol
(>99.9%, Aldrich Chromasolv®) was supplied by evaporation in the
N, stream using a syringe pump (ISCO 500D, dual pump system).
The flow through each channel lies between 8.5% and 11.5% of
the total flow; the different flow in each reactor is accounted for
in the analysis of the data.

The methanol and DME concentrations of the reactor exit gas
were followed with a mass spectrometer, which is connected to
the reactors via a channel selector valve (Valco, 10-position valve
SC configuration). The total conversion of methanol X (hydrocar-
bon yield) was then determined from the intensities of the
m/e =32 and m/e = 46 signals for the respective reactor channels
and the empty channel (feed) as follows:

X — 1 _ Ymeon T VomE _ 4 I+ Blss (1)

y(]\)/leOH I32,feed

The sensitivity factor B’ is determined from the measured intensi-
ties at complete deactivation for hydrocarbon formation. At this
point, the exit gas usually consists of methanol and DME in equilib-
rium. The factor B is then determined as

B — I32,feed - I32.deact (2)

I 46,deact

The m/e =32 and m/e = 46 signals were chosen, since there is no
contribution of any of the hydrocarbon products, and no interfer-
ence between methanol and DME at these masses.

3. The deactivation model

The motivation to describe the catalyst deactivation as a loss of
active catalyst is the characteristic change in product distribution
of the MTG reaction over a ZSM-5 catalyst with time. The top panel
in Fig. 1 shows these changes in product distribution as a function
of time on stream at 350 °C using a feed of methanol in N,.! Ini-
tially, a high selectivity for gasoline at full conversion of methanol
is obtained (A). At some point, the selectivity for propylene (and eth-
ylene) increases, and the gasoline production decreases (B). Note
that the conversion is still 100% at this point, but this is a clear sign
that the methanol breakthrough has almost been reached. In the
next phase, the methanol breakthrough is observed, and first meth-
anol and then DME are observed in the product stream, and the con-
version gradually decreases (C). Finally, no hydrocarbons are formed
any more, and methanol typically is in equilibrium with DME (D). In
some cases, a deactivation for DME formation is also observed,
which results in a further increase of the methanol and reduction
of DME in the product stream.

! This product distribution was determined by on-line GC on an FID detector. The
sensitivity factors per C atom for methanol and DME are 0.778 and 0.667,
respectively; for all other compounds a C-atom based sensitivity factor of 1 is used.
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Fig. 1. Top panel: typical measured product distributions in the conversion of
methanol to gasoline (350 °C, 15 bar, feed: 14% methanol in N,, total flow 116 Nml/
min, 500 mg ZSM-5 catalyst (Si/Al ~70), WHSV = 2.8 gmeon/8car) With time on
stream. Bottom panel: product distribution with different contact times, repro-
duced from Ref. [3]. Four different stages are distinguished: (A) complete
conversion, (B) increase yield of ethylene and propylene, decrease of gasoline
(Cs+) yield, (C) breakthrough of methanol, (D) methanol/DME equilibrium. The
trend in product distribution with time on stream is reversed to that observed with
contact time, suggesting that the catalyst deactivation is equivalent to a contin-
uously decreasing contact time or a loss of active catalyst.

The bottom panel of Fig. 1 shows the variations in product dis-
tribution with contact time [3]. If we compare this product distri-
bution with that observed during a catalyst life cycle, it looks as if
the contact time, i.e. the ratio of amount of catalyst and flow (W/
F), is continuously decreasing. This is indicated by the arrows
shown in Fig. 1. In the procedure by Sapre [32], this observed de-
crease in contact time is corrected by reducing the flow in such a
way that the conversion is kept constant; the required change in
flow is then used as a measure of the catalyst deactivation. In this
article, the deactivation has been measured under constant flow
conditions, and the decrease in contact time is attributed to a de-
crease in the catalyst amount. Because no catalyst is physically re-
moved from the reactor, this is then interpreted as a reduction of
the effective amount of active catalyst. Consequently, a model
describing how the effective space time, or effective amount of ac-
tive catalyst varies during the catalyst life time also describes the
catalyst deactivation in MTG. The rate at which the effective
amount of active catalyst decreases is then the catalyst deactiva-
tion rate, which can be expressed in g.,./h. This description of cat-

alyst deactivation is equivalent to a description of deactivation by
a time-dependent rate constant. An easy way to see this, without
a formal derivation, is that the rate equations always contain the
product of the rate constant and contact time, and therefore
equivalent mathematical expressions are obtained with a time-
dependent correction factor for either rate constant or contact
time.

To derive an expression for the measured conversions as a func-
tion of time on stream, the deactivation rate is combined with a ki-
netic model. The general equations can be derived as follows. First,
the deactivation rate is written as a change in the amount of cata-
lyst with time:

dw
o 3)

where W is the effective amount of catalyst, ¢ is the time on stream,
and rp is the catalyst deactivation rate (in gc,¢/h). With the defini-
tion of the contact time t = W/F, Eq. (3) becomes

dt ,
=" 4)

Eq. (4) defines the deactivation rate rj, (in gcar/ molgas). As, by choice,
the deactivation is a positive number, the minus sign indicates a
loss of amount of catalyst. The deactivation rate r}, represents the
loss of active catalyst per mol of gas passed through the reactor,
which could be interpreted as a “deactivation efficiency”; in this
article, we will refer to this as deactivation rate as well.

Introducing the mass balance for a plug flow reactor y, % =r -
where r is an expression for the reaction rate, and y is the concen-
tration of the key reactant in the feed - and applying the chain rule
for differentiation results in the basic equation for the conversion
with time on stream:

dX _dx du -
dt dt dt

Eq. (5) is essentially the product of the expressions for the MTG
reaction rate r, and for the deactivation rate —ry,.

In principle, any expression for the deactivation rate and kinetic
model can be introduced, and by solving the resulting differential
equations, the conversion, and product compositions as a function
of time on stream are found. In the present article, we determine
the conversion as a function of time on stream, under the assump-
tion that the deactivation rate is proportional to the conversion:

dr
dt
This assumption is motivated by the consideration that a certain
fraction of the methanol that is consumed is transformed into coke
product causing deactivation. The easiest assumption is that this
fraction is constant, resulting in a proportional relation between
conversion and deactivation.

It is furthermore assumed that the MTG reaction is a first-order
reaction in the total (C-based) concentration of methanol + DME
(y), leading to the familiar expression for the conversion:

dX

—=k(1-X 7

=k =% (7)
According to Eq. (5), the conversion as a function of time on stream
then becomes

dX _dxdv _
dt  dr dt
Using the start condition that t = 0 at the conversion is equal to the
initial conversion X,, integration of Eq. (8) yields:

X 1-Xo\
ln<ﬁ~ X, >7—kat 9)

—aX (6)

—kaX(1 - X) 8)




T.V.W. Janssens /Journal of Catalysis 264 (2009) 130-137 133

It is noted here that the initial conversion X, and rate constant are
related through the rate expression for a first-order reaction. If we

introduce Xo =1 — exp(—kto), the conversion with time on stream
is written as

_ (exp(kto) — 1) exp(—kat)
"1+ (exp(ktp) — 1) exp(—kat)

(10)

Eq. (10). is the exact solution of Eq. (8), containing the rate constant
k and the deactivation coefficient a as unknown parameters. The
deactivation coefficient characterizes the deactivation behavior of
the catalyst. The initial contact time 7o is the ratio of the total
amount of fresh catalyst in the reactor and the total flow (Wy/F).

To give a feeling for the effects of the rate constant k and deac-
tivation coefficient a on the observed deactivation behavior, the
conversion with time on stream is calculated according to Eq.
(10) for two different values of k and a, using a contact time
To =2 g h/mol. The results are displayed in Fig. 2. It follows from
Fig. 2 that for a given contact time, the position of the curves on
the x-axis is determined by the deactivation rate, and that the
activity affects the slope at which the conversion decreases from
1 to 0. As can be anticipated from Eq. (9), the point X = 0.5 is a spe-
cial point: the curves for the same deactivation rate intersect here,
indicating that, in this model, the lifetime to the 50% conversion
level is independent of the activity.

Fig. 3 shows some examples of measured conversions with time
on stream, for selected H-ZSM-5 samples with diverse activities
and deactivation rates. Clearly, the measured conversions show
different slopes and occur after different times on stream, corre-
sponding to different combinations of activity and deactivation
behavior. The solid lines represent calculated conversions accord-
ing to Eq. (10), indicating that the model describes the experimen-
tally observed conversions with time on stream well in all these
cases.

To derive the values for the rate constant k and the deactivation
coefficient from experimental data, the measured conversions can
be fitted to Eq. (10). A faster method is to determine lifetime to two
arbitrarily chosen conversion levels. From rearrangement of Eq.
(10), the lifetime to a given conversion X can be written as

e In(exp(kto) — 1) — In%;

ra (11)
1.0
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Fig. 2. Calculated conversion with time on stream for different combinations of
activity and deactivation rates, according to Eq. (10), using 7o =2 g h/mol. Solid
lines: high activity (k = 40 mol/gc, h). Dashed lines: low activity (k = 5 mol/gc, h).
The curves intersect at a conversion of 0.5, indicating that the lifetime to this
conversion level does not depend on the catalyst activity.

It is immediately clear that the term In(X/(1 — X)) in Eq. (11) be-
comes O for X = 0.5. The lifetime to this conversion level becomes:
In(exp(kto) — 1) 7o
tos = T ta N —
a a
The approximation in Eq. (12) is valid for exp(kto) > 1, which very
often is the case. The error introduced by this approximation is less
than 1% for (exp(kto) — 1)/kto > 0.99 or Xy > 0.967. Eq. (12) shows
that to 5 for active catalysts, indeed is independent of the activity,
as indicated in Fig. 2, and that the value for the deactivation coeffi-
cient is obtained by division of the applied contact time 7o by the
measured tos. Once a is known, the value for the rate constant k
is found by solving Eq. (11) for another conversion level; for the
curves shown in Fig. 3, a conversion level of 0.8 was chosen, since
this point usually lies on the steep descent in the experimental
curves, thereby making the determination of the time on stream
more accurate, compared to, e.g. the 95% conversion level. In addi-
tion, the methanol + DME concentration is then clearly distinguish-
able in the data, resulting in a more accurate measurement of the
conversion. Table 1 summarizes the relevant experimental parame-
ters and the calculated values for the rate constant and deactivation
coefficients for the measured curves shown in Fig. 3, as an example.
The accuracy of the measurement of the deactivation coefficient is
found from a series of 19 measurements for sample A in Fig. 3.
The average value for the deactivation coefficient in this series
was 16.72 mmol/g, with a standard deviation of about 9%, corre-
sponding to a relative error of about 18% at a confidence level of
95% for a single measurement.

(12)

4. Discussion
4.1. Catalyst lifetime

The catalyst lifetime is obviously limited by catalyst deactiva-
tion, and is therefore often used to characterize catalyst deactiva-
tion [33,34]. In this section, the relation between the deactivation
coefficient and the catalyst lifetime is explored. The lifetime is de-
fined here as the time to reach a given conversion level, e.g. the
breakthrough of methanol, and is calculated directly by Eq. (11).
An important point to realize is that the measured lifetime de-
pends on the catalyst activity and contact time 7o used. As an
example, the time to methanol breakthrough is calculated by intro-
ducing X=0.98 in Eq. (11), and applying the approximation for
high activity exp(ktg) > 1:
Tp In(49)

foog = —
098 = ka

(13)

This indicates that the time to breakthrough and contact time tq are
linearly related, with a slope of 1/a. However, the time to break-
through and contact time are not proportional, since the line does
not pass through the origin of the plot; the graph intersects the x-
axis at 7o = Inz%;; = { In(49), as shown in Fig. 4.

The non-proportional behavior between the lifetime and the
contact time is well illustrated by the data of Kaarsholm et al.
[34], who have reported a lifetime to breakthrough of 40 h at a
To = 1.25 s, and a ten times lower lifetime (=4 h) at half the contact
time, 79 = 0.63 s for a phosphorus-modified ZSM-5 catalyst in the
MTO (methanol-to-olefins) reaction. It is tempting to interpret this
as a faster deactivation rate at lower contact times, but this obser-
vation is in fact entirely consistent with a constant deactivation
coefficient a of 0.01722 and rate constant of 6.94 s~ (see Fig. 4).
Therefore, the strong decrease in life time to the breakthrough of
methanol is not necessarily due to a higher value of the deactivation

2 Since the contact time 7, is given on volume catalyst/volume reactor basis, the
dimension of 7q is s, and the deactivation coefficient a becomes dimensionless.
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Fig. 3. Comparison of the calculated conversion levels with measured methanol conversions with time on stream on ZSM-5 catalysts at 350 °C and 15 bar g. The examples
show cases with different combinations of low and high activity and deactivation rate.

Table 1
Calculated values of the rate constant, deactivation coefficient, and conversion capacity (gwvieon/gcat) for samples A-E shown in Fig. 3.
Sample Wo To YMeoH WHSpieon tos tos k a R
g g h/m‘)l (fraCt-) gMeOH/gcar h h h mOl/gcat h mmol/g gMeOH/gcat
A 0.150 1.77 0.161 2.901 106.91 96.13 7.76 16.58 310.19
B 0.115 1.27 0.161 4.057 132.93 103.87 5.00 9.53 539.45
C 0.151 2.02 0.161 2.541 10.66 4.90 1.30 184.51 27.87
D 0.150 1.49 0.142 3.045 261.41 246.84 16.69 5.70 795.87
E 0.150 2.03 0.161 2.531 56.98 54.32 14.61 35.66 144.20

coefficient, indicating that the deactivation behavior of the catalyst the catalyst lifetime to breakthrough is not a sufficient characteriza-
has not changed. This also implies that a single measurement of tion of the deactivation, since, for a given contact time, many combi-
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Time to breakthrough / h

Contact time /h

Fig. 4. Calculated catalyst lifetime to breakthrough of methanol (98% conversion)
for k =6.94 s~ and a = 0.0172. The line crosses the x-axis at 7o = 0.561. The two data
points indicate the life times reported in Ref. [34], showing that the decrease in
lifetime by a factor of 10 when the contact time is decreased by a factor of 2 is
consistent with a constant deactivation coefficient and catalyst activity.

nations of k and a result in that particular lifetime. Only if the rate
constant is known, the deactivation coefficient can be derived from
such an experiment, and a conclusion on the deactivation behavior
can be drawn.

4.2. Methanol conversion capacity

Another consequence of the catalyst deactivation is that the
amount of methanol that can be converted is limited. The maxi-
mum amount of methanol that can be converted per gram catalyst
is referred to as the conversion capacity [35,36]. The assumption
that the deactivation rate is proportional to the conversion implies
that the amount of deactivated catalyst is proportional to the
amount of converted methanol. Hence, the maximum amount of
converted methanol is found from Wy = @ Wyeon,max and the con-
version capacity can be written as

Ry — W MeoH,max _ l _ MwmeoHYmeon (14)

Wy a a

where Rg is the conversion capacity’, Wieonmax 1S the maximum
amount of converted methanol (g), W, is the initial amount of cat-
alyst (g), and @' (gcat/Emeon) is the proportionality factor, which
essentially is the deactivation coefficient as defined in Eq. (6); to ar-
rive at the deactivation coefficient a (in gc,/molg,s), the factor o’
must be multiplied by the molar weight of methanol
(Mpeon = 32.04 g mol™!) and the mole fraction of methanol in the
feed (ymeon). With the approximation for catalysts with high activ-
ity in Eq. (12), the conversion capacity becomes

Ro = MN[%({M&OH tos = WHSVyieontos (15)
where WHSV 0y is the weight hourly space velocity of methanol.
This means that according to the present model, the conversion
capacity for active catalysts (exp(kto)) > 1) can be found by multi-
plication of the space velocity of methanol by the measured time to
reach 50% conversion. The conversion capacities for samples A-E in
Fig. 3 calculated according to Eq. (15) are listed in the last column in
Table 1.

The general expression for the amount of converted methanol
per gram catalyst (Rx) at any conversion level can be found by inte-
gration of Eq. (10), as follows:

ot
RX:M/ X(t)dt (16)
To Jo

Substitution of the conversion and the time on stream (Eqs. (10) and
(11)) results in the following (exact) expression for the amount of
converted methanol as a function of the conversion:

Ry = Ro (1 +—1“(if_ox)> 17)

where Ry is the conversion capacity as given in Eq. (14), and X is the
conversion level at which the amount of converted methanol is
evaluated. Ry obviously becomes equal to the conversion capacity
at X=0. Egs. (15) and (16) imply that for active catalysts, the inte-
gral [ X(t)dt equals to 5. A graphic representation of this is given in
Fig. 5: the area under the curve, which is calculated using Eq. (10), is
equal to the area of the rectangle enclosed by X =1 and tgs, as the
areas of the hatched parts are equal.

Another method to find the conversion capacity is by linear
extrapolation of a plot of the conversion as a function of the cumu-
lative amount of converted methanol (Rx) to zero conversion
[35,36]. Such an extrapolation requires that Rx depends linearly
on the conversion for low conversions. As the term In(1 — X) in
Eq. (17) can be approximated by —X, the amount of converted
methanol at low conversions can be written as Ry = Ro(1 — % s
which is indeed a linear dependence. Therefore, the extrapolation
method to find the conversion capacity is consistent with the
assumptions of a first-order reaction and a deactivation rate that
is proportional to the methanol conversion. Bjgrgen et al. found a
conversion capacity of 165, 400, and 550 g g~ ! for an untreated
ZSM-5 zeolite, and two differently NaOH-treated zeolites, all mea-
sured at a WHSV of 8 g veon/gcat- The to s derived from Fig. 5 in Ref.
[35] are 21.8, 49.5, and 63.7 h. The conversion capacities according
to Eq. (15) then become 174.4, 396.0, and 509.6 gg !, which is
close to the values obtained by the extrapolation method.

An important consequence from Eq. (14) is that the conversion
capacity Ry is independent of activity and contact time applied, and
therefore it is a good characterization for catalyst deactivation. In
contrast, the amount of converted methanol at other conversion
levels Ry is less appropriate as a characterization for deactivation,
since it depends on the activity and contact time. The conclusion
that a treatment will affect the amount of converted methanol at
80% conversion in the same way as the conversion capacity [35]
is only valid if the activity of the catalyst remains unchanged, as
a consequence of this dependence.

o e =
o © =)

1N
FS

Conversion

©
[N

o
o

||||||||||||||||||||||||||||||||||
0 100 200 300 400
Time on stream / h

Fig. 5. Calculated conversion as a function of time on stream, using k = 7 mol/gcat h,
a=0.01g/mol, 7o =2 g h/mol. The area under the curve represents the conversion
capacity, and is equal to the area of the rectangle enclosed by X =1 and t = ty 5, as the
areas of the hatched parts are equal.
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4.3. Final remarks

The procedures derived to determine the deactivation coeffi-
cient a (Eq. (12)) and the conversion capacity Rq (Eq. (15)) from
experimental data rely on the fact that the lifetime to 50% conver-
sion only depends on the deactivation coefficient and not on the
activity or contact time. This is, however, not a general property,
but depends on the chosen expressions for the deactivation and
reaction rate. A different kinetic expression for the reaction or for
the deactivation rate leads to a different expression for the lifetime,
instead of Eq. (11), which will generally be dependent on both the
activity and the deactivation. Nevertheless, there may exist some
special points in models based on other assumptions that are not
dependent on the activity, similar to the lifetime to 50% conversion
in the model discussed here. These points can form the basis for a
fast and accurate determination of the deactivation behavior, inde-
pendent of catalyst activity and applied contact time.

The assumption that the conversion of methanol on a ZSM-5
zeolite is first order is in fact quite rigorous. There seems to be con-
sensus that the conversion of methanol proceeds via a hydrocar-
bon-pool mechanism, in which carbocations and hydrocarbon
fragments adsorbed on the zeolite play a crucial role [4,30,31,37-
43], and that the reaction is autocatalytic [29,44-49], showing an
induction time. This indicates that the reaction shows a more com-
plicated kinetic behavior than that assumed here. For this reason,
the rate constants derived from deactivation model presented here
should be used carefully. They probably give a good qualitative
indication of the activity, and distinguish between high activity,
moderate activity and low activity. It is also noted that a different
choice for either the kinetic model or the deactivation rate may
affect the values of both the rate constant and the deactivation
coefficient. Nevertheless, the model presented here is capable of
describing the observed conversion with time on stream well, de-
spite the severe simplification of the kinetics, and clearly defines
the conditions used for the determination of the activity and deac-
tivation. This makes it possible to compare the activity and deacti-
vation behavior of a wide variety of zeolites in the conversion of
methanol to hydrocarbons on the same basis.

5. Conclusions

The deactivation of a ZSM-5 catalyst in the conversion of meth-
anol to hydrocarbons can be described as a loss of effective amount
of catalyst with time, or equivalently, a reduction of the effective
contact time. The rate at which the effective amount of catalyst de-
creases with time is then a measure for the catalyst deactivation
rate. Combining this with a rate equation for the conversion of
methanol results in an expression for the conversion as a function
of time. If it is assumed that the conversion of methanol to hydro-
carbons is a first-order reaction, and that the deactivation rate is
proportional to the methanol conversion, a good description of
the experimentally determined conversion with time on stream
is obtained for the methanol conversion on ZSM-5 zeolite at
350 °C. The model contains the first-order rate constant, which is
a measure of catalyst activity, and a deactivation coefficient, which
characterizes the deactivation behavior, as parameters.

Active catalysts show a more sudden decrease in conversion
with time on stream, and the deactivation rate determines the time
at which the decrease in conversion is observed. To extract the val-
ues for the activity and deactivation coefficient from the experi-
mentally measured conversions with time on stream, the catalyst
lifetime to two distinct conversion levels is determined, and the
equation for the conversion with time on stream obtained in the
model is solved for the rate constant and deactivation parameter.
As a consequence of the assumptions that the reaction is first order

and that the deactivation rate is proportional to the conversion, the
lifetime to the 50% conversion level (tos) is independent of the
activity, if the initial conversion is close to 100%. In these cases,
the deactivation coefficient is readily evaluated from the experi-
mental data as the ratio of ty5 and the initial contact time.

The catalyst lifetime to the breakthrough of methanol depends
not only on the deactivation rate, but also on the catalyst activity
and chosen contact time or space velocity. Under the assumptions
of the deactivation model presented in this article, the time to
breakthrough depends linearly on the contact time; the slope is
equal to the inverse of the deactivation coefficient, the intersection
with the x-axis depends on the activity. The deactivation coeffi-
cient cannot be determined from a single lifetime measurement
to catalyst breakthrough.

The assumptions that the reaction is first order and that the
deactivation rate is proportional to the conversion also result in a
conversion capacity that depends only on the deactivation rate.
Therefore, the conversion capacity is a good characterization of
the catalyst deactivation in the present model. For active catalysts,
the conversion capacity is calculated as the product of the weight
hourly space velocity (WHSV) of methanol and the lifetime to
the 50% conversion level. The amount of methanol converted at
the breakthrough, or other conversion levels of methanol, depends
on the activity and contact time as well, and is therefore less
appropriate as a characterization of catalyst deactivation.
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