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Catalyst deactivation is a complex phenomenon and identifying an appropriate deactivation model is a key
effort in the catalytic industry and plays a significant role in catalyst design. Accurate determination of the
catalyst deactivation model is essential for optimizing the catalytic process. Different mechanisms of
catalyst deactivation by coke and metal deposition lead to different deactivation models for catalyst
activity decay. In the rigorous mathematical models of the reactors, the reaction kinetics were coupled
with the deactivation kinetic equation to evaluate the product distribution with respect to conversion

time. Finally, selective and nonselective deactivation kinetic models were designed to identify catalyst
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review discusses the catalyst deactivation models designed for CO, hydrogenation, Fischer—Tropsch,
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1. Introduction

All catalytic processes suffer from a decrease in catalytic activity
with operation time which greatly affects process stability and
consequently decreases the yield and selectivity of the desired
products. The time taken by loss of catalyst activity varies from
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a few seconds during the fluidized catalytic cracking (FCC)
process to a few years during hydrodesulfurization (HDS).
Accordingly, the rate of catalyst deactivation depends on the
process conditions, catalyst type, reactant concentrations and
contaminant with feed presence."® Catalyst deactivation is
classified by process type as thermal, mechanical, or chemical
and by mechanisms such as fouling,*® poisoning,” vapor
formation, thermal degradation,® attrition/crushing,” vapor-
solid and solid-solid reactions.'® The thermal degradation and
poisoning are generally slow and irreversible, whereas coke
fouling is rapid and reversible."* Catalyst deactivation models
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can be categorized into selective and non-selective models
according to the mechanism of loss of the active sites of the
catalyst. In non-selective deactivation, the rate of active sites
consumption depends on the time-on-stream (TOS) only,
whereas in selective deactivation, the components of the reac-
tion mixture are affected individually by the rate of
consumption/generation of the active sites.

Hundreds of models have been applied to evaluate catalyst
activity in the past eighty years, although some of these models
are simple as a function of time, while others are more
sophisticated as a function of multi deactivation variables.™
Voorhies et al.*® reported a simple power-law correlation for
modeling the catalyst deactivation proportional to the amount
of coke deposited. Similarly, an exponential form of the catalyst
deactivation model developed by Weekman et al.** was designed
to characterize the catalyst activity during gas oil cracking (VGO)
in a fixed-bed reactor. Dumez and Froment® investigated five
catalyst deactivation models, in which the catalyst deactivation
function was multiplied by the intrinsic reaction rate to esti-
mate the net reaction rate. While a semi-empirical relationship
was studied to determine the dependency of the number of
active sites on the coke content, Devoldere and Froment
studied four models to characterize catalyst deactivation from
coke formation over K-FeO based catalyst applied at the
industrial scale level for ethylbenzene dehydrogenation. Naza-
rova et al’’ developed a mathematical model for fluidized
catalytic cracking (FCC) considering the deactivation of zeolite
catalyst by coke and heavy metals, such as V and Ni. The
exponential form of the catalyst deactivation model was also
studied to correlate the catalyst activity with the coke content.
The instantaneous amount of coke was estimated by solving
a differential equation based on the hydrocarbon conversion
mechanisms. Ebrahimi et al.*® applied a nine-lumped kinetic
model to represent the catalytic cracking of vacuum gas oil
(VGO) and used the exponential formula of time-on-stream
(TOS) and temperature to describe catalyst deactivation. Cor-
dero-Lanzac et al'® applied a complex reaction networks
methodology of fast catalyst deactivation to simulate the
methanol-to-olefins (MTO) process with different reactor
configurations. The proposed deactivation kinetics were found
to depend on the concentrations of the oxygenated and carbon-
containing product in the reaction medium. Shakor et al.*
simulated an industrial scale heavy naphtha reforming process
using a kinetic model involving 32 lumps and 132 reaction
routes and applied first order for the catalyst deactivation rate.
Despite this observation, the catalytic activity decayed to 59% of
its initial value after 1225 days of operating.

The deactivation model of a catalyst plays a significant role
in process simulation, reactor design and control of industrial
catalytic reactors. However, several review papers'®** have
been published in the past few years, and specific experimental
studies on catalyst deactivation for specific chemical processes
have been discussed.>**” Therefore, the present review discusses
the mathematical models of catalyst deactivation designed for
CO, hydrogenation, Fischer-Tropsch, biofuels and fossil fuels
which can facilitate efforts for a broader representation to
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comprehend the catalyst activities in current catalytic chemical
processes.

2. Catalyst deactivation models

Catalyst deactivation models are either algebraic or differential
expressions that correlate changes in the catalyst activity with
the reaction. The catalyst activity at any time “t” is equal to
a ratio of the reaction rate at any given time “t” and the reaction
rate applies to fresh catalyst®® as described in eqn (1).

_ Reaction rate at time(t = )

a(r)

(1)

" Reaction rate at time(¢ = 0)

The initial reaction rate was measured at zero time point.
Different models have been proposed in the literature to
represent catalyst deactivation depending on the time-on-
stream (TOS) of hydrocracking catalysts,”® the coke content of
fluidized catalytic cracking catalysts,* the operating conditions
of the Fischer-Tropsch catalyst® and the reaction mixture with
two-step deactivation of reversible and irreversible models.**
These models are theoretical, empirical, or semi-empirical, and
the most relevant deactivation model is summarized in the
following sections.

2.1 Time dependent catalyst deactivation model

Catalyst activity decays with time, resulting in the reduction of
active sites on the catalyst surface. The time-on-stream defini-
tion has been extensively applied to express approximate
deactivation mechanisms. These expressions utilizes either
exponential or power law and vary in deactivation order and
functionality with respect to the time-on-stream. Voorhies
et al*® studied catalyst deactivation in fluidized -catalytic
cracking via coke formation (Fig. 1) and applied the earliest
empirical catalyst activity model described in eqn (2).

a(t) = A" (2)

The order of catalyst decay depends on the catalyst and
feedstock type.*> Ozawa et al.** studied PdO/Al,O; with additive
of La and Nd catalyst deactivation at 850 °C, during CH,
oxidation in a fixed-bed reactor at atmospheric pressure. They
observed that the catalyst was deactivated by the rapid trans-
formation of oxidation state from PdO to metallic Pd with slow

Catalyst
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=

Fig. 1 Catalyst deactivation of fluidized catalytic cracking catalysts.
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particle agglomeration. Accordingly, two-term deactivation
mathematical models were attributed to evaluate the catalyst
activity during the reaction as described in eqn (3).

a(t) = r[U/(1 — an)]" + 11 — au)]™ 6)
where “r”, “a” and “n” are constants, subscripts 1 and 2 are the
rapid and slow deactivation species respectively and “¢” is time
on a stream. Table 1 lists the catalyst deactivation models based
on the time-on-stream (TOS). The main drawback of these
models is that they do not take into consideration the effects of
the reaction temperature, pressure and amount of coke formed
over the catalyst.** This type of deactivation model is appro-
priate for systems with fast catalyst deactivation such as fluid-
ized catalytic cracking catalysts**® and catalyst used for biofuel
from biomass fermentation.®® The catalyst activity depends
more on the effect of the deactivation rate over time, than on the
temperature and reactant concentrations.

2.2 Temperature dependent catalyst deactivation model

Catalyst deactivation increases with time and temperature
during catalytic reactions. Subsequently, increasing the severity
of the reaction system leads to faster coke deposition and
catalyst deactivation, in which temperature has the strongest
effect on the reaction rate and consequently catalyst deactiva-
tion. The exponential function is shown in eqn (4) has rarely
been used to model the deactivation of fluidized catalytic
cracking and biomass-derived chemical.'®*** Whereas the cata-
lyst deactivation coefficient («) attributes as a function of
temperature using the Arrhenius-type as described in eqn (5).
The Arrhenius-type expression was used to express the effect of
temperature on the catalyst deactivation coefficient as shown in

eqn (6).

4)

(5)
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—E,
ka = kao€Xp (R_;) (6)

A generalized power-law model (eqn (7)) has been extensively
applied to represent catalyst deactivation.***® Accordingly, by
taken deactivation power as either a “1” or “2” through inte-
gration eqn (7), the algebraic expressions for catalyst activity can
be achieved as shown in eqn (8) and (9) respectively:

da

—E = kda (7)
a=e ' forn=1 (8)
a forn=2 9)

- 1+kdl

In addition, Chen and Lua®® added the term residence time to
the power-law deactivation model as shown in eqn (10). Bar-
tholomew®* confirmed that a generalized power-law expression
(GPLE) with residual activity was represented by catalyst deac-
tivation, which was enhanced compared to the power-law
expression. The GPLE catalyst deactivation model is shown in
eqn (11), and has been proposed by several authors, mainly for
Fe-Co oxide catalysts in Fischer-Tropsch which deactivated
from carbidization, change of metal oxidation state and carbon
formation during hydrogenation reactions.>>*

d 7(&)
a RT
i —kgo€ a'tg" (10)

da

T (11)

= —kq (a — acq)m

Residual activity “a.q” is achieved when a balance is estab-
lished between the rate of deactivation and the rate of self-
generation for active sites.®® Accordingly, the deactivation
model derived by Honken,*® shown in eqn (12), was found to be

Table 1 Time dependent catalyst deactivation model of fuel catalyst systems

Deactivation

model Catalyst TOS* Reactor Type Reaction system Reference

a=At" Silica-alumina 300 min Fixed bed reactor Catalytic cracking of gas oils Voorhies™

a=atys " FCC catalyst 0-4s Riser reactor Gas oil cracking Theologos &

Markatos®®
v 1 FCC catalyst nt? Commercial fluidized catalytic Vacuum gas oil cracking Rainer et al.*®
1+ Btos" cracking reactor
FCC catalyst 0-5s Industrial fluidized catalytic Catalytic cracking of vacuum Olafadehan, et al.*’
cracking reactor residue

a=e Ni/MgO 18 h Fixed bed reactor Hexane reforming Trunfio & Arena®’
HZSM-5, beta, and Y- nt’ Fluidized bed reactor Catalytic pyrolysis of gas oils Zhang et al.®
zeolite

a = e " FCC catalyst 0.03-0.09 Plug flow reactor Gas oil cracking Hagelberg et al.*!

s

Pt-based catalyst 40 h Membrane reactor Propane dehydrogenation Ricca et al.*?

a = exp(—kqt) Pd/MWCNT + HZSM-5 5h Plug flow reactor Biofuel: biomass fermentation  Jadon et al.*®

@ TOS: time-on-stream. * Not reported.
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suitable for representing the catalyst deactivation in many
industrial scale applications.”””** Rahimpour et al.** applied
a seventh-order catalyst deactivation model to study the
dynamic catalyst deactivation from carbonic coke formation
during naphtha reforming reactions at 502-504 °C and pressure
34-37 bar, in which carried out in a radial flow spherical reactor
as shown in eqn (13).

da E (1 1\],

~ar ~ Kaoexp [F (? - ?)} a (12)
da Eo (1 1\],

~ar ~ Kaoexp [F (i - ?)} a (13)

Temperature dependent catalyst deactivation models are
presented in Table 2. These models are algebraic and/or
differential forms of catalyst deactivation and are applied to
deactivation of nickel catalyst from coke during CO, hydroge-
nation to methane,* biofuel,*® iron and cobalt in the Fischer-
Tropsch® catalytic deactivation dynamic
processes, the differential arrangements of the catalyst deacti-
vation model of reforming® and hydrocracking catalysts®” are
slightly more accurate than those of algebraic route because
these models represent instantaneous changes in catalyst
activity.***®

reactions. For

2.3 Coke formation dependent catalyst deactivation model

Coke deposition has been proven to be the main reason for
catalyst deactivation in catalytic industrial processes, owing to
the blocking of the active pore sites of the catalyst. The coke
formation rate in the catalyst depends on the feed composition,
reaction conditions (516-568 ©°C) and time-on-stream of
propane dehydrogenation at atmospheric pressure using Pt/Al
and Pt-Sn/Al oxide catalysts.”” Coking at low temperatures was
found to result in higher coke accumulation during catalytic
cracking over B-zeolite catalyst at reaction temperature 400-
500 °C, used for biofuel than that at higher temperatures, and
the lower temperature conversion was attributed to the higher
rate of condensation of coke components.” Catalyst deactiva-
tion by coke formation, occurs through a reversible or an irre-
versible mechanism. The presence of hydrogen in the naphtha
reformer unit operated at 507-548 °C and pressure 1.5 bar,
contributes to the removal of reversible coke and anticipated to
decrease the catalyst deactivation rate.”®

A modern catalytic cracking model uses a negative expo-
nential function to represent the fluidized catalytic cracking of
zeolite catalyst and coke deactivation.”** The coke content has
an inverse effect on the active pore sites inside the catalyst
particles. Therefore, several researchers have studied the rela-
tionship between catalyst activity and coke content over Ni-Ce/
Al oxide as dry reforming catalysts, as shown in eqn (14).2*%
Froment et al.*® described dependence of the catalyst activity on
the coke formation during 1-butene dehydrogenation at 560-
600 °C as shown in eqn (15). Additionally, Dumez and Fro-
ment* proposed five forms of deactivation function depends on
carbon content over 20% Cr/Al oxide catalyst for the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dehydrogenation of 1-butene to butadiene at 490-600 °C and
pressure 0.2-2.7 bar, these deactivation forms are shown in eqn

(17)~(21).
2

a= (1 - Cszax) (14)

a= 7CCm_ C (15)

a=1/(1+ aCp)" (16)

a = exp(—aCc) (17)

a=1-aCc (18)

a=( — aCc) (19)

a=1/(1+ aCc) (20)

a= 11+ aCc)? (21)

Zavarukhin and Kuvshinov® proposed a mathematical
model to describe the kinetics and catalyst deactivation of the
formation of nanofibrous carbon from a mixture of methane
and hydrogen over a highly loaded nickel catalyst (90 wt% Ni-
Al,03) at conversion temperature 490-590 °C and atmospheric
pressure. They approximated catalytic activity for coke forma-
tion using a parabolic formula as described in eqn (22). A
simulation on the model proposed by Nayak et al.*” was done to
evaluate the performance of a fluidized catalytic cracking riser
reactor using four to ten lump models. The catalyst activity was
related to the coke deposition on catalyst using eqn (23). Gao
et al.®® proposed an eight-lump kinetic model to estimate the
process performance of vacuum residue (VR) catalytic cracking
at temperature 460-520 °C and WHSV of 15 h™"'. A deactivation
expression dependent on the catalyst coke content (C.) was
adopted as shown in eqn (24). Xiong et al.*® developed a novel
six-lump kinetic model including catalyst deactivation to
determine the cracking performance of a fluidized catalytic
cracking process at temperature 460-540 °C, catalyst/oil ration
4-10, and WHSV of 5-30 h™", The catalytic activity was modeled
based on the coking content using eqn (24).

2
a1 (CC) (22)
A+1
a= A + exp(BC;) (23)
a=(1+8C)™" (24)

Barghi and Karimzadeh® proposed a kinetic model for the
catalytic cracking at 565-635 °C in presence and absence of
steam at atmospheric pressure of liquefied petroleum gas (LPG)
conversion to olefin and aromatics using ZnO incorporated into
a ZSM-5 catalyst. The deactivation model was extended to
include coke formation, metal sintering, delamination of the

RSC Adv, 2023, 13, 22579-22592 | 22583
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Table 3 Catalyst deactivation dependent on coke formation of fuel and dehydrogenation catalyst systems

Deactivation expression  Catalyst type TOS Reactor type reaction Reference
a = exp(—aCq¢) Cr,0;-Al,03 nt* Fixed bed reactor i-Butene dehydrogenation Dumez and Froment™
a=1—- aC¢
a=(1-aCc)?
a=1/1+aCc)
a=1/(1+aCc)
_ @ FCC catalyst 1.25-5 min  Fluidized dense-bed Hydrocarbons cracking Jacob et al.”®
(1 +Bt.r)pPm reactor
_ B+1 nt* 20-40 h Plug flow model Vacuum gasoil cracking Martin et al.”®
~ B+exp(4C.)
— 1" Zeolite 0-10 s Fluidized regenerator =~ FCC Arandes and Lasa®
c" and riser cracker
ae B+1 FCC catalyst nt* FCC riser reactors Vacuum gas oil cracking Nayak et al.%’
B+ exp(AC.)
a = exp(—aCe) Pt-Sn/-Al, 03 1-10 day Tubular quartz reactor ~ Propane dehydrogenation Niknaddaf et al.®”
a=(1+pC)™™ nt? 1-40 s Fluidized bed reactor ~ Catalytic cracking of vacuum Gao et al.®®
residue
a=1+aC)™? FCC catalyst nt” Fluidized bed Catalytic cracking of heavy oil Xiong et al.®®
a = A, exp(—A;C,) Y and ZSM-5 nt* Riser reactor Vacuum gasoil cracking Ivanchina et al.*!
£ ) CHZ-4 50 min Fixed bed reactor Biomass fast pyrolysis oil Wan et al.”®
( £y ) Cr,03/Al,0; nt? Moving bed reactor Propane dehydrogenation Ghodasara, et al.*®
7% _ kdoe RT 4" Catalyst
( B ) Pd-Ag supported 800 day Packed bed reactor Acetylene hydrogenation Dehghani et al.®’
7% _ kdoe RT el (Z-A1203
a = A, exp(—A;C,) nt* 4.5s Plug flow reactor Catalytic cracking of vacuum Nazarova et al.’®®
distillate and residual feedstock
a = exp(—Kqt) Ni/ZrO, 60 min Tubular packed-bed Deoxygenation of palm oil to Hafeez et al.**
( £y > reactor produce green diesel
ka = kaoe N
a = A, exp(—4,C,) nt* 4.5s Riser reactor Vacuum gasoil cracking Nazarova et al."”

“ Not reported.

zeolite framework and steam effect, and the overall catalyst
activity as shown in eqn (25). Ivanchina et al®* developed
a mathematical model for the fluidized catalytic cracking
process at 495-542 °C, the pressure is 0.08-0.2 MPa, consid-
ering the feedstock composition and catalyst deactivation by
coke. The catalytic activity was attributed to primary (ay) and
secondary (azsm.s) reactions during catalytic cracking as
described by the exponential dependence in eqn (26) and (27).

a=1- dcoke - dsintering - ddealumination (25)
ay = Ao exp(—a Cc) (26)
azsm-s = Ao exp(—a2Cc) (27)

The catalyst deactivation model dependent on coke forma-
tion cannot predict catalyst activity decay with a high level of
accuracy.”” Table 3 summarizes the most important models
attributed to catalyst deactivation including CHZ-4 (ref. 93) and
Ni/ZrO, (ref. 94) used for biofuels which a dependent on coke
formation.

22584 | RSC Adv, 2023, 13, 22579-22592

2.4 Reactant dependent catalyst deactivation model

The selective catalyst deactivation was model attributed to an
individual effects of the reaction mixture composition,
temperature and time (Fig. 2). Gayubo et al.*** proposed a cata-
lyst deactivation expression for methanol-to-olefin (MTO)
conversion over ZSM-5 zeolite from coke; the process consid-
ered ethylene concentration as a precursor in the temperature

Reaction Dependent catalysts
Deactivation Model

y g L/ N\
ﬁ_kgjﬂj\ . Space time
% Effect of reaction /9 '+ Temperature
; mixture <\ Goke

\ composition o W e Metals

Catalysts

Fig. 2 Selective catalyst deactivation model.
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range 400-500 °C. Aguayo et al.***> applied a deactivation model
that considered the effect of lump concentration on the coke
formation rate at 360-420 °C and contact time between 0.01-
0.15 g h™, over the ZSM-5 zeolite catalyst used for methanol-to-
gasoline (MTG) conversion as shown in eqn (28). They demon-
strated that the selective deactivation model provided a better
representation of the practical results than the empirical model,
which did not account for the composition effect upon
deactivation.

_da

T (kaaXa + kac Xc + kap Xp)a

(28)

Commercial Fischer-Tropsch processes operate at relatively
moderate temperatures and pressures. The carbidization, sin-
tering and change of oxidation state cobalt catalysts are the
most significant deactivation associated with cobalt-based
catalysts.”® Although Pour et al*® studied the deactivation
kinetics, bulk and nano-structured catalysts prepared by the
micro-emulsion method of an iron-based catalyst were applied
for Fischer-Tropsch synthesis (FTS). The generalized power-law
expression (GPLE), rq = kq(a — a)™ was applied to fit the
experimental data of catalyst deactivation rate tested at pressure
17 bar conversion temperature 270-310 °C. Pour et al'®
proposed a different deactivation mechanism to represent the
deactivation of a Co-based catalyst supported on carbon nano-
tubes (CNTs) applied in the Fischer-Tropsch process at pres-
sure 20 bar and temperature 220 °C. They observed that water
was the most important deactivating component in Co-based
catalysts; therefore, they considered the partial pressure of
water in the deactivation kinetic equation. The rate of catalyst

Table 4 Catalyst deactivation dependent on coke formation
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deactivation was dependent on the catalyst activity decreasing
rate (@ — a«) as shown in eqn (29).
da

9 Py (a - an)!

s (29)

Centeno et al.'® considered both carbon and metal deposi-
tion in a deactivation model to fit the experimental result of
different gas oil feedstocks for the hydrotreating process over
NiMo/Al oxide in a bench-scale reactor. The experiments were
conducted at 380, 400 and 420 °C while sulfur, metal and
asphaltene content were analyzed every 10 h during 240 h of
time-on-stream (TOS). They observed a good agreement
between the experimental and practical deactivation results,
whereas the asphaltene content had a significant impact on
catalyst deactivation. Table 4 summarizes the most important
models for integrating complex catalyst deactivation dependent
on coke formation. Similarly, the model has also been applied
to ZSM-5 zeolite from coke used for steam catalytic reforming at
550-700 °C and steam/carbon ratio of 1.5-6.0,'°° coke over Ni/Al
oxide for catalytic biomass pyrolysis at 600-700 °C and steam/
biomass ratio 1.6-12.5, for biofuel production,*® and CO,/CO
hydrogenation using a Cu-Zn-Zr/SAPO-11 catalyst for the
Fischer-Tropsch process at temperature 250-325 °C and 10-50
bar.'””

2.5 Deactivation model with residual activity

Depending on the mechanism, catalyst deactivation can be
reversible or irreversible under various condition."* Catalyst
deactivation by coke is a reversible process while catalyst

Differential form Catalyst TOS Reactor type Reaction system Reference

da HZSM-5 zeolite 10 h Fixed and fluidized Methanol to gasoline Aguayo et al.**?
~ar ~ KaaXa +KaoXo + kapAp)a bed reactor

da 0 om HZSM-5 2h Fixed-bed reactor Methanol to olefin Gayubo et al.'**
—a = kdXW a

da " m Fe/Cu/La 105 h Semi-batch reactor Fischer-Tropsch Pour et al.*°
s kaPi"(a — ass)

da 20 AuAlL, O, 0-440 h  Plug-flow reactor Pentene isomerization Solkina et al.*®
7@ = dep Ca

da " m Co/CNTs 430 h Fixed-bed reactor Fischer-Tropsch Pour et al.*®
a s kaPw" (a — ass)
da_,podp g 1 HZSM-5 18 h Isothermal fixed bed  Dimethyl ether (DME) to Pérez-Uriarte et al.'®

dr A PO T TR Py reactor olefins

da 2 25 HZSM-5 5h Fluidized bed reactor Steam reforming of bio-oil  Gayubo et al.'*’
ar kaXgo~a
da nl n Fe-Mo 353 days Packed bed reactor ~ Formaldehyde production  Braz et al.'*®
i —kad" Pcu,on
~da_ ka(Ppme + Pcuyon) Y CuO/ZnO/Al,O; 50 h Fixed-bed reactor Synthesis of dimethyl ether ~Peldez et al.'"

dt 1 + kn,0Pu,0 from syngas

da Commercial Ni/ 2h Fluidized bed reactor Biomass pyrolysis Arregi et al.'*®
—= = kaXe,n,0,4

dt Al,O3

da HZSM-5 9-25h  Fixed-bed reactor Methanol to aromatic Li et al.'*?
T = a(aPy + BPs)
_da _ Ka(P. + Powe)faa CuO-ZnO-ZrO,/ 48h Fixed-bed reactor CO, + CO hydrogenation to  Ateka et al.'®’

dy 4V MeOH T EDME)Td SAPO-11 dimethyl ether (DME)

da 3 HZSM-5 40 h Fixed-bed reactor Methanol to olefin Li et al.™*?
T By (Pm + ZPDME)B’PAﬁ“I)\i\/jg"aﬁ5

© 2023 The Author(s). Published by the Royal Society of Chemistry
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poisoning by heavy metals (Ni and V) is irreversible."* Garetto
et al."™ studied the deactivation-regeneration mechanism of
a Pt/Al oxide catalyst during hydrodechlorination at tempera-
ture 100-130 °C and pressure 2 and 10 bar of carbon tetra-
chloride. The catalyst deactivation-regeneration model
considers the influence of the process operating conditions on
catalyst deactivation, as shown in eqn (30), whereas the indi-
vidual rate of deactivation-regeneration was evaluated using
eqn (31) and (32):

da »
Syt v fa— a*) (30)
Va = kaPerc" Prp,™ (31)
Vr = kPt P HHzmr (32)

Zambrano et al.®* considered five expressions as shown in
eqn (33)-(37) to represent the Ni-Ce/Al oxide catalyst deactiva-
tion for methane dry reforming with CO, at temperature 475-
550 °C and space time between 0.5-2 ¢ h mol ™. The best fit was
obtained for the residual activity because of the competition
between coke formation and coke removal as described in eqn
(35).

da

G Yea’ (33)

da
— = ¥, (39)

da
T = 1//dad - ‘Pradm (35)
da m—1/m 1/m 1/m h
T =Yya ¥, ((1 — ds ) (36)
da

—q, = Yad' — "+ Ya (37)

Rimaz et al."*® successfully fitted an experimental data on
propane conversion over a Pt-Ge/Al oxide catalyst for propane
dehydrogenation vs. 24 h time-on-stream at 500-600 °C using

Table 5 Catalyst deactivation dependent with residual activity
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a deactivation model with residual activity (DMRA) (eqn
(38)-(41)).
da

T Yea'? = ya'? (38)
Yy = KdIPCH42 + KdZPH22PCo2 (39)
¢ (1 + Kg3Pco,)
Yy = KuPco, (40)
da
a4 =qa — 1Pr\/a (41)

The simplest DMRA model, was used by Cazana et al.'" to
express the catalyst activity behavior during the preparation of
graphene-related material grown on stainless steel foams at
800-950 °C with methane feed between 3.6-42.9 mol%, via the
catalytic decomposition of methane, as shown in eqn (42):

da

4 =vYqa—¥,(1 —a)

- (42)

Gromotka et al.*> integrated three-factor kinetic equations
for catalyst deactivation in terms of the apparent kinetic
parameters. Three factors were applied: (1) the main catalytic
cycle; (2) one-step reversible deactivation; and (3) one-
directional irreversible deactivation from organic species accu-
mulation. The obtained equation successfully applied to
describe the reversible catalyst deactivation between 150-250 °C
during the dehydration of acetaldehyde over a TiO, catalyst.
Table 5 illustrates the catalyst-deactivation dependent model
for a catalyst with residual activity.

Overall, temperature is the most effective variable for the
reaction rate, and can be considered the strongest variable
affecting the rate of catalysts deactivation or regeneration.
Occasionally, as the temperature of an industrial reactor
increases, the reaction rate compensates for the decline in
catalytic activity caused by the accumulation of coke and
metals."™ Correspondingly, the GPLE is an appropriate deacti-
vation model for cases in which the catalyst activity approaches
an asymptotic value over long times such as Fischer-Tropsch

Deactivation model Catalyst TOS Reactor type Reaction system Reference
_da _ ad — a4 pa Commercial 0-90 min  Fixed bed reactor Isopropyl-benzene Rodriguez et al.*'®
dr ¢ r r silica-alumina cracking
da Pt/AL,O; 0-260 min  Fixed-bed tubular reactor ~ Hydride-chlorination Garetto et al.'™
77:11/(1“(/7‘//(“7”1[»1) .
dt r of carbon tetrachloride
_da = g — yall? Ni-Ce/Al, 05 4h Fixed-bed quartz reactor Dry reforming of methane ~ Zambrano et al.®
dr
V= Ka1 Pon,? + Kao Pri, > Poo”
d (1 + Kg3Pco,)
Yr = Ky P coz2
da Fe nanoparticles 2 h Fixed bed reactor Graphene formation by Cazana et al.""’

75: ll/dafll/r(l 7“)
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catalytic decomposition
of methane
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catalysts at temperature 200-240 °C and pressure 100 bar.**®
The selective deactivation model did not significantly improve
the fit of the experimental data."* A non-selective deactivation
model derived from a simple deactivation kinetic equation for
optimum estimation of reaction rates was used to integrate the
lumped components in propane aromatization in two zone bed
reactors."™

3. Mathematical modeling of
chemical reactors

Regularly, the mathematical modeling could be classified as
deterministic or empirical.”® The deterministic model is
designed from the first-principles equation, while the empirical
model is a mathematical expression generalized to fit with
chemical reaction data of one or more variables.

3.1 Deterministic models

The deterministic model involves solving a system of ordinary
differential equations for chemical reactions to estimate
process performance. Accurate kinetic and catalyst deactivation
models are crucial for the modeling, optimization, and part of
chemical reactors control. The rigorous dynamic mathematical
model of a reactor consists of solving nonlinear simultaneous
equations (algebraic, differential and sometimes partial) in
multiple dependent variables (product concentrations, coke
content, temperature and pressure). The reactants and product
distribution in reaction mixture can be estimated by solving the
kinetic model equations. The dynamic coke content can be
updated by integrating the corresponding differential equation
describing the coke formation in time domain, the catalyst
activity is easily related to time, product distribution and coke
content using either algebraic or differential form of the catalyst
deactivation model. The heat balance equation designed to
estimate the temperature of the reaction mixture with respect to
time, while Arrhenius equation is usually used to estimate the
change of reaction rate and deactivation rate constants as
a function of temperature. In the case of the heterogeneous
fixed bed reactor model, the differential format of Ergun's
equation can be integrated to calculate the pressure drop within
the reactor bed. For gaseous reactions the reaction rate can be
related to the partial pressures of reactants using at least one of
the approved reaction mechanisms (Power law, Eley-Rideal,
and Langmuir-Hinshelwood). This set of highly coupled
nonlinear differential equations describes the reactants and
product distribution, coke content, catalyst deactivation
temperature and pressure are integrated through the reactor
system. The detailed system of ordinary differential equations
(ODEs) intents to capture the dynamic changes over time.
Therefore, the ordinary differential equation (ODE) governing
the rate of change in catalyst activity is projected to be solved
simultaneously the change in the reaction conditions under
different pressures and temperatures along with the composi-
tions of the reaction mixture. Accordingly, the non-linear
interference is bound by the catalyst activity, operating condi-
tions and composition of the reaction mixture.****?

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 The error evaluation expressions'?

Error function Expression

=z

Correlation coefficient of

determination (R?) [

(Yexp.i - ypred.i)z

=1
Y =32
'Z:l (yexp.i - yexp)
=
Mean absolute error (MAE) 1 M N e pred
N x MZ}Z%J IR
j=1 i=

Mean relative error (MRE)

1 M N y?;p _ yg;ed
o e (L
J

Yij

u d
e
DO =

Mean square error (MSE) 1 M

These differential equations usually describe the fourth-
order Runge-Kutta integration method. The kinetic and deac-
tivation parameters were obtained by benchmarking the
experimental and predicted results using a stochastic optimi-
zation method. Similarly, the optimization methods applied an
artificial neural network (ANN), Genetic Algorithm (GA) and
Particle Swarm Optimization (PSO)."** These optimization
methods were designed iteratively to estimate the best kinetic
and deactivation parameters which were expected to yield the
minimum error between the experimental and predicted

v

| linitiate initial populationl
v

Generation = 0
Assess Appropriateness result
each Chromosome
2
Do selection, crossover and

mutation development

Gen = Gen +1 i J -
Sent the Decision variable to

the Simulation Program

Gen > Max
Generation

Stop

Fig. 3 Genetic Algorithm (GA) computational procedure.
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results. The widely used error evaluation expressions are pre-
sented as listed in Table 6.

Where; y;; is the mole fraction of ith component in jth
experiments, M represents the number of experiments, N is the
number of components, exp. and pred. are the superscripts
denoting the experimental and predicted results, respectively.

Genetic algorithms (GA) are powerful stochastic optimiza-
tion method which is designed for the natural selection and
natural evaluation concepts.’® A GA applies to a population of
individuals presents a selected solution to the optimization
complication. Therefore, the individuals are comprised of
strings or chromosomes of genes, the genes, are practical allele.
GAs applies the principles of survival of the fittest, selection,
reproduction, crossover, and mutation to these individuals to
obtain a new better individual for each new solution."*”***
Genetic Algorithm creates a new chromosomes population by
choosing better-fit results obtained from the existing pop-
ulation and applying genetic operators to produce new
offspring from the result. The algorithm for Genetic Algorithm
stochastic optimization method is depicted in Fig. 3.

3.2 Artificial neural network (ANN) model

The kinetic parameters of catalyst deactivation (kq, and Eq4,) can
be estimated empirically by fitting the response of the reaction
mixture with respect to time and other effective variables. The
activity at reaction start will be 100% initially and it decays with
time. Therefore, the same catalyst has different deactivation

View Article Online
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kinetic parameters (kqo and Eq,) for different reaction systems.
For the same catalyst and the same initial activity, solving the
deactivation kinetic models having different kinetic parameters
will produce different deactivation responses. In case of the
rigorous mathematical modeling of chemical reactors, the
effect of time, reactant, poison, and products on the catalyst
activity can be represented using an appropriate selective
deactivation model. Recently, using artificial intelligence (AI)
aims to capture the effect of any different input variables on the
product distribution, catalyst activity and reaction tempera-
tures. The artificial neural network (ANN) model designed to
have the ability to establish relationships between multiple
input-output variables. Artificial neural networks (ANNs)
mimics the processes of the human brain and are series of
mathematical algorithms that used in this study to estimate the
relationships between datasets.'*>*** ANNs models can intgerate
empirical relationships between dependent and independent
variables based on experimental data. The ANN contains several
layers; an input layer, a hidden layer, and an output layer as
shown in Fig. 4.

ANNSs are utilized to predict variables processed in a rapid
manner and provide precise prediction under a complex
process. ANNs are broadly applied for modeling and controlling
multipart of chemical reactors and processes to accurately
simulate atmospheric distillation columns,""*** various of heat
exchangers,”®>*** and catalytic reactors.'*>'** Approximation of
the reaction rate obtained without a kinetic model would

X1 .
Y2
X2 v3
Y4
Y5
X3 v
Y7
% \\\\‘ 4'/. v
X4 /\ \ ‘\VZ il "w .

\\\\\W 4',/}/
B \ / Output Layer

4

Hidden Layer

Fig. 4 The neural network (ANN) with three layers.
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eliminate the errors obtained from choosing of the kinetic
method related to the catalyst deactivation models for kinetic
constant integration.™’

4. Conclusion

Catalyst deactivation is a complex phenomenon, and an
appropriate deactivation model is essential for process design
and control to maximize catalyst utilization and maintain the
catalytic production. Several mathematical models have been
highlighted in the literature to describe catalyst deactivation in
different reaction systems and operating conditions. Deactiva-
tion models play a significant role in the simulation, optimi-
zation and design of chemical catalytic reactors. This study
considered scientific narratives to comprehend different cata-
lyst deactivation models. From this review the following
conclusions were drawn:

e The time dependent deactivation model is appropriate for
systems with fast catalyst deactivation such as fluidized catalytic
cracking, because the catalyst activity depends more on the
effects of the deactivation rate over time than on temperature
and reactant concentrations.

e For the dynamic process, the differential form of catalyst
deactivation is slightly more accurate than the algebraic form;
hence it represents the instantaneous catalyst activity in
a dynamic system.

e The generalized power-law equation (GPLE) is a powerful
equation for a long-term deactivation process.

o Selective deactivation kinetic models are limited because
they are often complex and difficult to integrate.

Abbreviations

A, B, r, a, Deactivation constants

8

A, Pre-exponential factor (mol ' L h™")

Aq Deactivation of pre-exponential factor (mol ' L h™")
a Activity of catalyst (—)

Ao Catalyst activity infinite reaction time

Ce Coke content on the catalyst (wt%.)

C; Concentration of the ith component (mol 1)
E, Activation energy of the reaction (k] mol ™)
Eq Deactivation energy (k] mol ")

kg Deactivation rate constant [h™"]

k. Regeneration rate constant [h™"]

kao Pre-exponential factors, [g em 3" h™*

m, n Activity term power

P Reaction pressure (Pa)

P; Partial pressure of species I (Pa)

R Gas constant 8.31451 (J mol " K1)

T Reaction temperature (K)

To Reference temperature (K)

TOS Time on stream (h)

t Time (h)

tr Residence time (h)

X; Weight fraction of lump I (wt%.)

a; and o, Catalyst deactivation constants
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0 Term that quantifies the attenuation of the reaction
rates by the adsorption

Ya Deactivation kinetic function

Yr Regeneration kinetic function

Subscripts

A, Cand Indicate to oxygenates (methanol and

D dimethylether), light olefins (ethylene and
propylene) and lump of the rest of hydrocarbons
respectively

BO Bio-oil

DME De-methyl ether

max Maximum

MeOH Methanol

W Water

o Infinity
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