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Catalyst deactivation rate greatly depends on many factors including the catalyst structure, reactor feed composition, and operating
conditions. Since catalyst deactivation modeling has so far been poorly addressed in the literature, nine experimental sets of cobalt based
Fischer-Tropsch catalysts activity-time data were considered to be modeled using an innovative sigmoidal pattern with amazingly
meaningful parameters. Such theoretical models for catalyst lifetime significantly facilitate the control of reactors during petrochemical
industrial applications, where a constant reactor product flow rate is necessary. Four types of statistics were used to verify the validity of
the regression model. The results showed that the proposed model perfectly predicts the activity of the whole catalyst lifetime for a wide
range of catalyst types which is capable of being utilized as an important part of a reaction rate. For process conditions within the
range of T = 220-230 °C, P = 20 bar, and H,/CO ratio = 2, the average of the two important model constants were: 0.6 = 0.1
and 0.42 + 0.06 for steady-state activity and total activity loss, respectively. The proposed model offers a significant advance over the

existing macroscopic deactivation models, since different catalyst deactivation trends can be captured.
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INTRODUCTION

Liquid hydrocarbon fuels and several other chemical
products can be formed from syngas (CO and H,) through
the famous and recognized catalytic process named Fischer-
Tropsch (FT) synthesis (FTS). The syngas can be produced
from coal, biomass, and natural gas. Converting natural gas
into the liquid products via the FTS is enormously of great
importance for countries possessing huge natural gas
reserves. Moreover, up to date, due to demands for high-
quality and environmentally friendly transportation fuels,
FTS has been widely explored as a catalytic ultra-clean fuel
production approach [1-8].

Among several FT catalysts, only iron and cobalt have
found commercial applications. After 9-12 months of
operation, expensive cobalt catalyst deactivates, and loses
its activity up to 30-50% and suffers from a similar drop in
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their hydrocarbon productivity [9]. Therefore, expanding the
cobalt-based catalysts
economy of the FT process; although catalyst regeneration

life catalyst life enhances the
or replacement is necessary as well.

Numerous investigations on cobalt catalysts deactivation
mechanisms have been led to original articles [9-32] as well
as some reviews [33-36]. The main mechanisms of
deactivation comprise poisoning [18-22], carbon or
hydrocarbon deposition [9,19,20,23,25,27,30,31], sintering
[14,19,25,29,32], catalyst-support compound formation
[14,19,26], catalyst re-oxidation [10,12-15,19,26,32], and
mechanical cause like attrition [27]. Poisoning can be
prevented by robust syngas clean up. Moreover, other
aforementioned mechanisms like re-oxidation can be
avoided through forming specific cobalt crystallites sizes
[16,17] or careful control of the reactor partial pressures of
[17]. Regarding catalyst-support
compound formation, Moodley et al. [26] indicated that

hydrogen and water

small amounts of cobalt aluminate formation does not
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influence the deactivation of cobalt catalysts in realistic FTS
conditions (Pyoo/Pyy = 1-1.5, Pyao = 4-6 bar). Furthermore,
the results of [30] suggest that Pt and Ru promoters lead to
decline in C and C compound formation on the Co surface.
Operating conditions along with catalyst structure
[31]
investigated the effect of different gas-space velocities and

influence catalyst deactivation rate. Pena et al

H,/CO ratios on the amounts of deposed carbon species in a
continuously stirred tank reactor (CSTR) at total pressure of
20 bar. They stated that for HyCO = 2, only very small
amounts of strongly adsorbed hydrocarbons and polymeric
carbon were detected while lower H,/CO ratio and lower
gas space velocity result in larger amounts of deposed
carbon species. Reporting carbon deposition as the only
[9] have
succeeded to eliminate the other mechanisms through
modifying the catalyst
reduction conditions, and setting out specific operating

deactivation mechanism, Keyvanloo et al

structure, imposing particular
conditions.

A deactivation rate, involved in FT rate expression, can
amazingly enhance the accuracy of kinetic calculation.
Thus, deactivation modeling will help refiners reduce its
operational costs by not only easily control catalytic
processes, but also run FTS at the optimized process
conditions. Although deactivation issues like mechanisms,
reactivation, and extent have been widely explored, in most
reviewed studies on catalyst activity, deactivation rates were
not addressed quantitatively. Considering the few studies
which have presented unrealistic simple power law
expressions (SPLEs) [19,37] and more reliable generalized
power law expressions (GPLEs) [38-40], deactivation
of cobalt FT catalyst further
investigations. The SPLEs predict zero activity for a long

modeling deserves
time on stream, while catalyst activity during FTS on cobalt
typically tends to a limited activity of 0.3-0.5 [38]. More
consistent results of GPLEs provide a realistic vision of
cobalt FT catalyst deactivation; it, however, cannot be
applicable in all cases. A full detailed discussion will be
presented later.

With the aim of providing a more realistic contribution
to the FT catalyst deactivation rate modeling, the main
objective of this work is to offer a well-fitted sigmoid model
with incredibly meaningful parameters, which provide us a
fascinating insight into the nature of catalyst deactivation.

174

Note that the proposed novel model has not been addressed
elsewhere.

THEORY

A quite common belief amongst researchers has been
stablished regarding deactivation profile of FT catalysts that
follows a decreasing trend, as depicted in Fig. 1. Numerous

different
introduction

reports, however, have shown patterns
[10,11,22,23]. the of

comprehensive model to represent all possible situations

Therefore, a
seems to have been of importance for FT community which
is presented in the following section.

Model Introduction

A state-of-the-art sigmoid model is introduced to fit the
cobalt-based FT catalysts deactivation trend. The sigmoid
function is a mathematical model which has been widely
employed to simulate the natural life cycle of many
important events, from biological organisms, to schools and
companies, marriages, careers, growth of tumors, or
economics and sociology. In chemical reaction engineering,
the sigmoidal pattern may be used for autocatalytic
reactions in which one of the products of reaction acts as a
catalyst. The simplest such reaction is:
A+B<B+B )

In autocatalytic reaction the graph of conversion of A
versus time follows a sigmoidal pattern as shown in Fig. 2.

Considering the various implications of sigmoid
function, with a proper amendment, the modified sigmoid
model can be utilized to mimic the catalyst deactivation
lifetime. The main distinctive feature of sigmoidal fit for
catalyst deactivation is that, unlike previous models, it can
precisely predict the majority of catalyst failure rate during
FTS with its incredible meaningful parameters. Moreover,
the given clear imaging by the model parameters provides a
realistic intuition into the catalyst activity. Additionally,
sigmoid function estimates steady-state activity at infinite
time which traditional power law deactivation rate
expressions fail to predict. Specifically, the catalyst activity

may be modeled by using the following expression:
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Fig. 1. Relative intrinsic activity factor (RIAF) for a Co/Pt/Al,O5 catalyst during FTS [16].
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Fig. 2. Rate versus time plot for an autocatalytic reaction [5].
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where a, ags, a5, t;, and k stand for catalyst activity at time ¢,
steady-state activity, an approximation of total activity loss,
time at the inflection point where the catalyst experiences its
highest deactivation rate, and the speed of activity loss,
respectively. The parameter k can be considered as a kind of
deactivation kinetic constant, since increase in k leads to a
rise in the deactivation rate, as indicated in Fig. 3ii. Note
that in Eq. (2) the dimension of k is 1/s while ags, a and a,
are dimensionless parameters. Figure 3i schematically
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shows Eq. (2) illustrating catalyst activity vs. time and Fig.
3ii displays the deactivation rate which is the differentiation
of Eq. (2).

In cases like Fig. 1, the curve commences after the
inflection point resulting in a negative value of f,. The
model parameters can be defined through mathematical
calculations to find the inflection point as well as the curve
height which indicates the activity loss. In order to obtain
the inflection point we need the second derivative of the

function to set it equal to zero, as follows:
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Fig. 3. schematic of (i) activity-time data as sigmoid equation as well as (ii) the deactivation rate.
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So, the inflection point of the model is #,. To calculate
the curve height, the difference between activity at # = 0 and
t —> oo should be obtained, as below:

curve height =a(0)—a(0) = limHo(aSS +

4 lim [ ag +—
1+ek(/7/,,,) 1ol 7SS 1+ek(/7/,,,>

a a
: _ L _ L

= curve height = ag + s = s
I+e I+e

4)

Since the term ¢ “» is often near to zero so the curve

height or activity loss can be assumed as:

3

i
I+e™™

= curve height = a, 4)

Model Elucidation

Having three sections, the curve is principally an
extended s shape lying on its side. Regarding catalyst
deactivation, firstly there is a section in which the curve
smoothly declines depending on the catalyst structure, feed
composition, operating conditions, and many other factors.
This section corresponds to the initial period of FT process
further
activation after reduction with H, and deactivation. The

in which two fundamental phenomena occur:

observed increase in activity is generally associated with
reduction of CoO to Co metal in the presence of both CO
and H, and restructuring (roughening) of the surface.
Moreover, carbidization (formation of cobalt carbide
(Co,C)) may favor the catalyst activity as reported in the
literature that suggest catalytic properties of cobalt carbide
[42,43]. Accordingly, slow drop in catalyst activity at first
may be attributed to the counteractive effect of further
activation after reduction with H, and primary deactivation

mechanisms including oxidation or sintering.
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The second section, which can be called as the steep
section, associates with a strictly falling line in the
elongated S shape. The duration of this section is defined by
k which is an indicator of the deactivation kinetic in the
main period of deactivation. During this section, sintering,
carbon deposition [20], and maybe oxidation [17] are the
major mechanisms resulting in a higher catalyst deactivation
rate. The point #,, which is recognized as inflection point,
indicates that the catalyst deactivation rate starts declining
toward a limiting activity.

The third phase of the curve is again slightly declining
and reaching a limit. In this section, the curve proceeds
toward a constant activity indicating that the system tends to
a thermodynamic equilibrium in which there is no driving
force for spontaneous changes in mechanical, chemical, and
thermal state of the system. At the end of the curve, the
catalyst reaches the steady-state activity and no further
deactivation occurs.

Two apparent deactivation regimes can be considered in
the catalyst lifetime. The first short-term initial deactivation
regime (A in Fig. 4) is linked with reversible deactivation,
while the second long-term regime (B in Fig. 4) is
associated with irreversible deactivation [34]. The inflection
point the proposed
approximately predicts where the first regime ends and the

obtained from sigmoid model
second regime starts, which could be vital for the process
design in industrial applications.

In petrochemical companies where all the equipment is
designed based on a constant product flow rate of the
operating at a defined catalyst
deactivation causes the conversion to decline. Therefore, the

reactor conditions,

product flow rate decreases. A deactivation model
embedded in control package installed there help the system
manages the product flow rate based on the catalyst failure
rate. Clearly, a deactivation model helps monitoring the
catalyst decline and further strategy can be planed, whether
a regeneration process or temperature increase in order to
maintain a constant catalyst activity.

As the catalyst activity-time data was considered to start
from one, so the regression results should be obtained in a
way that satisfy the following equation: g +a, ~1. By
using the sigmoid equation parameters, the nature of
catalyst deactivation can be interpreted. For example, closer

assto one or lesser values of a; indicates that ata long
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Fig. 4. Typical cobalt FT catalyst lifetime [34].
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Fig. 5. Conversion of CO with time on stream, (a) without CO, addition (b) with CO, addition. Reaction
conditions: P =20 bar, T =220 C, SV =2000 L/kg../h and H,/CO =2 [10].

period of time, the catalyst reaches a higher constant activity
or shows more stability during the process. Likewise, a;
shows how much the catalyst loses its activity. Moreover, ¢,
illustrates the time when the deactivation rate starts to
decline. The amount of ¢, reveals the time for a catalyst to
reach the highest deactivation rate. Finally, a catalyst with
higher & and higher #;, exhibits more stability and resistance
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to deactivation in the first section. The higher the & is, the
smaller the steep section would be.

the effect of different
deactivation of the catalyst in FT process can be compared
via the obtained model parameters. Suppose that we have
fitted two activity-time data for two different catalysts in the
same reactor and similar operating conditions. The steady-

Furthermore, factors on
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state activity (ass), the amount of activity loss (a;), the time
of highest deactivation rate along with the maximum
deactivation rate (t;,
compared quantitatively. The #, and k constants provide

k) for the two catalysts can be

useful criteria for evaluating the stability of the catalyst at
the beginning of the FT process. Accordingly, as ¢, and &k
rise, it can be concluded that synthetized catalyst or imposed
operating conditions result in more stability and thus higher
production rate in the first section. Ultimately, Eq. (6)
shows how much percentage the catalyst or operating
conditions 2 change the deactivation rate (dr%) of catalyst
or operating conditions 1.

(©)

kz _kl

dre= %100

DATA PREPROCESSING

Nine sets of experimental FT catalyst activity-time data
were borrowed from the literature to be modeled through
sigmoidal pattern. The Kim et al. experiment [10] is the first
case study used for modeling. They investigated the effect
of adding CO, into the reactor operating the FT process in a
fixed-bed reactor under typical FTS conditions; 220 °C, 20
bar, and SV (L/kg./h) = 2000. The activity test data were
collected using the two reactant gas mixtures, Hy/CO/Ar and
H,/CO/CO,/Ar with 20% CO,. They reported that the
addition of CO, slightly oxidized the reduced Co/y-AlLO3
destroying a fraction of active sites leading to more
deactivation of the catalyst, as evident in Fig. 4.

The second case study was conducted by Park et al.
[11], who studied the catalytic performance of cobalt-based
catalyst with phosphorous-modified alumina support (P-
AlO3) and promoted with Pt or Ru during the FT process.
They utilized a slurry-phase continuous-stirred tank reactor
for 1000 h time on stream under the following reaction
conditions: liquid medium (squalane) = 300 g, catalyst = 5.0
g, T = 230 °C; P=20 bar, space velocity (SV; L/kg./h) =
2000, and feed composition of H,/CO/COyAr
57.3/28.4/9.3/5.0 mol%. Since the process has reached
steady-state condition after about 50 h, time on stream
between 110 h and 1000 h was eliminated. They reported
that Pt promoted catalyst had performed much more stable
than others (Co/P-Al,O3 and Ru/Co/P-Al,O5). However, we
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only consider the data of Co/P-Al,O; and Pt/Co/P-Al,O; for
regression. Figure 5 shows the conversion vs. time on
stream data of park et al [2] experiments on Co/P-Al,O;
and Pt/Co/P-AlL,O; catalysts.

In the third attempt, the experimental data of Karaca et
al. [25] was considered. They investigated the catalytic
performance of two different synthetized Pt-promoted
Co/Al,Os. The catalysts involved the same content of Pt and
Co but different cobalt precursor: nitrate and acetate. The
first was named CoPt/Al,O5-N and the second was indicated
as CoPt/Al,03;-A. Moreover, the calcination step was
performed at 573 K for CoPt/Al,O;-A and CoPt/AL,O3-N1
and 773 K for CoPt/Al,0;-N2. They stated that catalyst
calcination at 773 K instead of 573 K does not have a
remarkable impact on the size of supported Co3;04
crystallites while utilizing cobalt acetate as a precursor
considerably reduces the cobalt particle size. Afterwards,
catalytic of CoPt/ALL,O;-A and
CoPt/A1L,O-N1 were conducted under syngas flow in a

performance  tests
capillary reactor at 493 K and 20 bar, shown in Fig. 6. As an
important result, they concluded that the observed lower
catalytic activity of the CoPt/AL,Os;-A catalyst (cobalt
acetate as precursor) could be connected to lower
reducibility of smaller cobalt particles and consequently
lower concentration of cobalt active sites.

For the fourth case study, the work of Park et al. [27]
was considered. They studied the catalyst deactivation by

the formation of aggregated -catalyst lumps of the
phosphorous-modified cobalt-alumina  (Co/P-ALO5),
unmodified cobalt-alumina (Co/Al,O3;), phosphorous-

modified Pt-promoted cobalt-alumina (Pt/Co/P-Al,O3), and
the unmodified Pt-promoted cobalt-alumina (Pt/Co/Al,O5)
catalysts in CSTR under the following reaction conditions:
liquid medium (squalane) = 300 g, catalyst 5.0 g,
T = 230 °C, P = 20 bar, space velocity (SV; L/kgcs/h) =
2000, feed composition of Hy/CO/COy/Ar = 57.3/28.4/9.3/
5.0 mol%. They reported that the catalytic activity of the Pt-

promoted catalysts is much higher compared to the

unpromoted ones. For the Pt-promoted catalysts considered
for regression in this article, the higher activity at the
beginning of the process with a fast deactivation rate and
smaller steady-state activity can be
Pt/Co/Al,O; catalyst, as illustrated in Fig. 7.

It is important to mention that the starting point data in

observed for
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Figs. 4 to 7 is the highest conversion point and assumed
a = 1. Clearly, the initial catalytic test data in which the
catalyst activity hits a peak was removed. In order to show
the capability of the proposed model for the long-term
deactivation period, Fig. 1 was considered as the last case
study. The regression results will be presented in the next
section.

RESULTS AND DISCUSSION

The main motivation behind the present study is to
propose a robust and realistic model with meaningful
parameters for catalyst deactivation rate in the FT process.
The activity of the catalyst was calculated as:

e O]

where X, denotes the CO conversion at the beginning of the
process and X, indicates the CO conversion at any time. As
mentioned, nine experimental data sets of catalyst CO
conversion from four references [10,11,16,2527] were
analyzed in this study. Note that the curve fitting toolbox of
MATLAB R2014b was used and the Levenberg-Marquardt
algorithm was chosen for the regressions.

Case Study 1

In Figs. 8-11 the experimental data are denoted by open
symbols, while sigmoidal fit predictions are shown as solid
lines. Figure 8 shows activity-time data of Kim et al. [10]
representing the influence of CO, on the activity of Co/y-
AL O; catalyst in FTS. The regression results show that the
addition of 20% mole CO, into the system causes to about
7% growth of the activity loss of the catalyst. Moreover, the
higher amount of kX in with-CO, run compared to without-
CO, run indicates that addition of CO, increases the rate of
catalyst deactivation. The CO, effect on the catalyst
deactivation rate can be estimated quantitatively by using
dr% as follows:

@®)

b=k g0 0-1592-0.0934
k, 0.0934

dre= x100=70.45%

So, the 20% presence of CO, in the feed stream leads to
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around 70% increase in k or increase in the deactivation
rate. However, no remarkable change in #, beside 70%
increase in k£ in with-CO, run shows that the catalyst
stability in the first section of the sigmoidal fit was affected
by CO..

Case Study 2

The second case study concerns to the Park ef al. [11]
experiment investigating the effect of Pt as a metal promoter
of the catalyst. The
deactivation rate (lower ¢, and higher k) for Pt-promoted
catalyst, displayed in Fig. 9. However, Fig. 5 reveals that Pt-
promoted catalyst converts much more CO at the beginning
of the process and reaches a higher CO conversion at
steady-state time. The effect of Pt on the deactivation rate
can be estimated as:

regression results show faster

drvee o=k 002 0803203126

k, 03126

x100=156.88% ©)

So, despite increase in CO conversion, the deactivation
rate was intensified one and a half times more in the Pt
promoted catalyst.

Case Study 3

Third data set was borrowed from Karaca et al. [25] who
examined the effect of cobalt precursor on catalytic activity
of the Pt-promoted cobalt-alumina. Figure 10 depicts the
regression result indicating that the deactivation rate for the
catalyst with smaller cobalt particle (CoPt/Al,O5-A) is faster
while the steady-state activity is much higher compared to
the catalyst with larger cobalt particles. However, Fig. 6
illustrates that larger cobalt particles in catalyst significantly
enhance the CO conversion and result in a higher steady-
state conversion of CO. Ultimately, the effect of cobalt
oxide crystallites diameter on the deactivation rate, which is
about twice in CoPt/Al,O3-N1 (adapted from Table 1 of
reference [25]), can be calculated as follows:

a0 0:0238-0.0313

k, 0.0313

x100=-23.96% (10)

So, despite the improvement in CO conversion, increase
in cobalt oxide crystallites diameter causes an almost 24%
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Fig. 8. Conversion of CO with time on stream for (a) Pt/Co/P-Al,O; and (b) Pt/Co/Al,O; catalysts. Reaction
conditions: T =230 °C,P=2.0 MPa, SV (I/kgcat/h) =2000, feed composition (H,/CO/CO,/Ar;

mol%) = 57.3/28.4/9.3/5.0 [13].

drop in the deactivation rate. However, the steady-state
activity is significantly affected by increase in cobalt oxide
crystallites diameter; ie., the steady-state activity was
halved with cobalt oxide -crystallites diameter being

doubled.

Case Study 4

In the fourth case study, the data of Park et al. [27] study
was considered. Two of the four catalysts investigated by
them were modeled in this study providing quantitative
exploration of the effect of phosphorous-modification of Pt-
promoted cobalt alumina catalyst. Like previous case
studies, the regression results in brilliant consequences with
precise prediction of catalyst lifetime indicating that
the
maximum deactivation rate of Pt-promoted cobalt alumina

phosphorous-modification  significantly  reduces
catalyst as well as improvement in steady-state activity, as
shown in Fig. 11. However, considering Fig. 7, it is
observed that Pt/Co/Al, O3 catalyst converts much more CO
than Pt/Co/P-Al,O3 until 40 h time in line indicating the

higher catalyst stability until the inflection point which can
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be realized by the higher amount of 7, and higher value of &;
while it reaches a lower steady-state CO conversion. In
other words, Pt/Co/Al,O; shows more stability in the first
section. Furthermore, the variation of deactivation rate by
phosphorous-modification of the catalyst can be calculated
via Eq. (6).

ke h g0 0:0641-02258

k, 02258

«100=—71.61% (11)

So, phosphorous-modification of the Pt/Co/Al,O;
catalyst plummets the deactivation rate of the catalyst by
around 72% and significantly enhance the steady-state
activity.

Case Study 5

The capability of the proposed model for short-term
deactivation has been visually confirmed and then proved
via statistical criteria. Since the FT community seeks for a
long-term deactivation model, the Saib ef al. [16] long-term
experiment was considered for the last case study. They
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examined Co/Pt/Al,O; catalyst during realistic Fischer-
Tropsch synthesis, ie, 230 °C, 20 bar, (H, + CO)
conversion between 50 and 70%, feed gas composition of
ca. 50 vol.% H, and 25 vol.% CO, PH% _1-15, p, =46
H,
bar, as depicted in Fig. 1. The regression results endorse the
introduced sigmoid model for the long-term deactivation
period of cobalt FT catalyst with two big differences in
comparison to the previous case studies: a; and #. Since
only the last section of the proposed sigmoid model captures
the data of ref. [16] (Fig. 12), the a; and ¢, parameters
currently fail to be intuitively interpreted unless the data of
the wonderful
predictions via the model can be extensively applied for

initial rise are considered. However,
control purposes.

As visually confirmed, the proposed sigmoid model
seems to cover the activity-time data in many occasions
whether short-term or long-term deactivation period, while
the GPLEs models do not have such capability.
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Table 1 represents the regression and Goodness-of-fit
statistic results including R-square, adjusted R-square, Sum
of Squares Due to Error (SSE), and Root Mean Squared
Error (RMSE). Capability of the proposed sigmoid model in
precise prediction of the activity for cobalt FT catalyst
lifetime in typical operating conditions (T = 220 °C, P =20
bar, and H,/CO = 2) can be perfectly demonstrated through
four sets of statistics.

Table 2 summarizes the type of reactor, reaction
conditions, CO conversion at the beginning of the process
(Xy), and run durations of experimental data used in this
study.

As indicated in data preprocessing section, the activity-
time data may exhibit more stability at the beginning rather
than the middle of the FT reaction. In such cases the first
and second order GPLEs seem to be inappropriate for
modeling the catalyst deactivation trends, since they are
only able to predict a monotonic deactivation rate without
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Table 1. Deactivation Rate Parameters for Sigmoid Equation and Goodness-of-fit Statistics

Sigmoid equation parameters

Goodness-of-fit statistics

Case
Ref.  Catalyst R- Adjusted
study ass ar lip k SSE RMSE
square  R-square

1 [10]  Coly-ALO5* 0.534 0.453 35.64 0.1592 0.004768 0.9962 0.9959 0.01151

1 [10] Coly-ALOs® 0.6071 0.402 35.36 0.0934 0.004277 0.9933 0.9928 0.0109
Pt/Co/P-

2 [11] 0.5107 0.4934 11.19 0.803 0.01211 0.986 0.9842 0.02295
Al O3

2 [11]  Co/P-ALO5 0.6746  0.3525 25.63 03126 0.002278 0.9886 0.9855 0.01439
COPt/A1203—

3 [12] 0.6061 04379 279.2 0.0313 0.004774 0.9894 0.9876 0.01676
A
COPt/A1203—

3 [12] 03103 0.7617 189.8 0.0238 0.006849 0.995 0.9943 0.01764
N1

4 [13] Pt/Co/AlLLO; 0.5402 0.4624 54.35 0.2258 0.001887 0.9986 0.9984 0.007803
Pt/Co/P-

4 [13] 0.7646 0.34 30.94 0.0641 0.002259 0.9886 0.9874 0.008677
Al O3

5 [4]  Co/Pt/Al, O3 04676 2132 -140.7  0.0433 0.01096 0.9848  0.9836 0.01698

*Experiment with CO, stream. bExperimesnt without CO, stream.

an inflection point in the catalyst lifetime like the ones
presented in this work.

Statistical Interpretation

Due to almost the same time on stream for the case
studies 1, 2 and 4, the averages and standard deviations of
these case studies were calculated, which are presented in
Table 3.

The results in Table 3 demonstrate that for typical process
conditions including temperatures in the range of 220-230
°C, pressures of 20 bar, and H,/CO ratio of 2, the average of
the deactivation rate constants of the model are ag = 0.6 +
0.1 and a; = 0.42 + 0.06. Steady-state (asymptotic) activities
are largely in the range of 50-70% of initial activity based
on the extrapolation of sigmoid function. Additionally, R-
square and adjusted R-square endorse the performance of
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the sigmoid function for deactivation data. This consistency
is exciting considering the remarkable differences among
catalyst structure, operating conditions, and reactor type in
the three case studies, which apparently involve different
mechanisms of deactivation, including sintering, carbon
deposition, and/or attrition and also different reactor
configurations.

CONCLUSIONS

Sumptuous synthesis of cobalt catalysts has motivated
researchers to develop a more stable catalyst to ensure
extended runs of FT industrial units. The cobalt catalyst
should be either subjected to repeated regenerations over a
reasonable catalyst lifetime or deliver a stable catalytic
activity over a long period of time. Developing a realistic
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Table 2. Type of Reactor, Reaction Conditions, First co Conversion (X)), and Run Durations

Reaction conditions

Case Reactor Run Maximum  Average of
Ref.  Catalyst T P SV
study type duration  conversion  conversion H,/CO
(C©)  (bar)  (Vkgea/h)
1 [10] Co/y-ALO;" Fixed-bed 70 h 63.5782% 47.0742% 220 20 2000 2
1 [10] Co/y-ALOY Fixed-bed 70 h 64.3149% 50.7133% 220 20 2000 2
2 [11]  Pt/Co/P-ALO5 CSTR 100 h 85.5596% 51.7984% 230 20 2000 2
2 [11]  Co/P-AlLO; CSTR 100 h 45.4874% 35.716% 230 20 2000 2
Capillary 19600
3 [12] CoPt/ALOs-A 500 min 17.9629% 13.1766% 220 20 2
cell (mlg'h™)
Capillary 25000
3 [12]  CoPt/ALO;-N1 500 min 59.604% 29.8434% 220 20 2
cell (mlg'h™h
4 [13] Pt/Co/AlLLO; CSTR 80 h 98.7745% 80.2521% 230 20 2000 2
4 [13] Pt/Co/P-AL,O3 CSTR 80 h 78.1863% 67.9282% 230 20 2000 2
slurry
5 [4] Co/Pt/Al,O4 bubble 60 day 70% 60% 220 20 NA 2
column
*Experiment with CO, stream. bExperiment without CO, stream.
Table 3. Average and Standard Deviation for Sigmoid Model Parameters
Adjusted
ass ar tip k R-square
R-square
Average 0.6052 0417217  32.185 0.27635  0.991883 0.9907
Standard deviation 0.098441 0.062463 14.13232 0.273304 0.004938 0.005847

model that can perfectly fit the cobalt deactivation rate
a Dbetter
deactivation mechanisms and leads to the preparation of

causes fundamental understanding of the
more stable catalysts as well as the selection of more
appropriate operating conditions. Moreover, such theoretical

models facilitate precise control of reactor temperature in
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petrochemical industry, where the catalyst deactivation
decreases the conversion and thus the temperature must be
adjusted to maintain the conversion. Accordingly, a
modified sigmoid model was introduced to mimic the
of cobalt catalyst. Moreover, a

comparative discussion was presented based on the

deactivation rate



Khorashadizadeh & Atashi/Phys. Chem. Res., Vol. 6, No. 1, 173-192, March 2018.

achieved regression parameters.

High values of R-square and adjusted R-square of the
fitted models push us to conclude that the introduced novel
sigmoid model provides a practical quantification of the
catalyst activity for industrial applications. We also may
conclude that the introduced model behaves surprisingly
more appropriately than GPLEs whether long-term
deactivation period or short-term. Furthermore, the sigmoid
model can be applicable for a wide range of conditions,
including the type of the equipment (fixed bed, CSTR), the
feedstock purity, and the test regime. For a future study,
sigmoid equation parameters can be considered as a
function of catalyst characteristics, operating conditions,
and reactants' concentration to achieve a comprehensive
model of the catalyst lifetime, which needs extensive
investigation in a wide range of operating conditions as well

as catalyst structures.
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