Chinese Journal of Catalysis 41 (2020) 1048-1061

e

available at www.sciencedirect.com

“e,¢ ScienceDirect

journal homepage: www.elsevier.com/locate/chnjc

B8 Catalysis

Review

Regeneration of catalysts deactivated by coke deposition: A review

CrossMark

Jibin Zhou @b, Jianping Zhao 2b, Jinling Zhang?, Tao Zhang?, Mao Ye 2*, Zhongmin Liu 2

a National Engineering Laboratory for Methanol to Olefins, Dalian National Laboratory for Clean Energy, iChEM (Collaborative Innovation Center of
Chemistry for Energy Materials), Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, Liaoning, China

b University of Chinese Academy of Sciences, Beijing 100049, China

ARTICLE INFO ABSTRACT

Article history:
Received 30 September 2019
Accepted 16 November 2019

In industrial catalytic processes, coke deposition can cause catalyst deactivation by covering acid
sites and/or blocking pores. The regeneration of deactivated catalysts, thereby removing the coke
and simultaneously restoring the catalytic activity, is highly desired. Despite various chemical reac-

Published 5 July 2020 tions and methods are available to remove coke, developing reliable, efficient, and economic regen-
eration methods for catalytic processes still remains a challenge in industrial practice. In this paper,

Keywords: the current progress of regeneration methods such as oxidation (air, ozone and oxynitride), gasifi-

Catalyst cation (carbon dioxide and water steam), and hydrogenation (hydrogen) is reviewed, which hope-

Coke fully can shed some light on the design and optimization of catalysts and the related processes.
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1. Introduction

More than 80 percent of chemical processes in the various
industrial sectors use catalysts, either to improve the reaction
rates or for on-purpose synthesis of certain products. One of
the drawbacks of industrial catalysts is the unavoidable deac-
tivation over time on stream, accompanied by the loss in cata-
lytic activity and product selectivity [1-4]. Hence, for the design
and operation of a catalytic process, catalyst deactivation has to
be addressed carefully [5,6]. Many intrinsic mechanisms are
known to cause catalyst deactivation, but fundamentally they
all can be categorized into six major types [1,7,8]: (1) poisoning
due to the chemisorption of certain species on the active sites;
(2) fouling due to coke deposition; (3) thermal degradation; (4)
vapor compound formation and/or leaching accompanied by
molecular transport from the catalyst surface; (5) vapor-solid
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and/or solid-solid reactions; and (6) attrition and/or crushing.
Some of these mechanisms might lead to permanent deactiva-
tion while others might only cause a temporary loss of catalytic
activity. The mechanisms underlying catalyst deactivation have
been reviewed previously [1-3,7].

Catalyst deactivation is an ongoing concern for industrial
catalytic processes [2], and it is of practical and economic rele-
vance to regenerate deactivated catalysts and restore their
activity. Therefore, the development of reliable, efficient, and
economic catalyst regeneration methods has attracted consid-
erable attention. In this paper, we will review regeneration
methods to restore the activity of catalysts deactivated by coke
deposition, because this deactivation is of major concern in the
petrochemical industry. Coke formation proceeds through
chemical steps but also involves the retention of coke species in
the pores and on the external surface of catalysts [9,10]. Exten-
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sive research has been done to understand the coke formation
mechanisms [11-14]. It is generally accepted that coke for-
mation follows three steps, i.e., hydrogen transfer at acid sites,
dehydrogenation of adsorbed hydrocarbons, and polyconden-
sation [12]. In principle, coke may affect catalyst activity in two
ways: through active site coverage (poisoning) and pore
blockages (active sites rendered inaccessible to reactants) [11].
The type of coke depends on the catalyst and reaction condi-
tions, and thus regeneration methods vary according to the
catalytic processes involved [9,10]. A lot of effort to date goes
into coke prevention to extend catalyst lifetime [9,10,15,16],
but catalyst deactivation is still inevitable and occurs in a few
seconds (fluid catalytic cracking, FCC) or over many years
(ammonia synthesis) [4]. Moreover, the time required to re-
generate a specific catalyst depends largely on the coke for-
mation rate. Continuous catalyst regeneration becomes an
economic necessity if the coke formation is rapid [2].

Restoring the activity of a permanently deactivated catalyst
with standard regeneration procedures is difficult. Fortunately,
catalyst deactivation due to coke deposition is usually reversi-
ble, and the coke can easily be removed by oxidation with air
(02) [3,8,11]. Indeed, in most industrial processes, coke is typi-
cally burned off with air to reactivate the spent catalyst. How-
ever, one of the challenges is the exothermicity of coke burning,
which may cause hot spots, local high temperature gradients,
and eventually cause damage to the catalyst [2,17]. Another
challenge is that residual coke can change from aliphatic to
aromatic coke during oxidation, making the regeneration more
complex [18]. Several improved regeneration methods can
remove coke at low temperature, maximizing regeneration
efficiency with minimum catalyst destruction. For example,
ozone (03) is used to regenerate coked ZSM-5 catalysts at low
temperatures [19]. Solvent extraction methods have also been
applied to remove coke at low temperatures [20,21]. Super-
critical fluid extraction has, due to unique solvent and transport
properties, shown potential to extract coke from porous matri-
ces and specifically heterogeneous catalysts [22-24]. To meet
the concept of “green carbon science” and use the benefits of
the coke deposited, catalyst regeneration combined with coke
gasification using H20 or COz has also been explored. Synthesis
gas, instead of COz, is the main product in these regeneration
processes [25]. In certain cases, non-oxidative treatments, such
as Hzsweeping, are used to remove coke from deactivated cat-
alysts [26,27].

Each regeneration method has its advantages and disad-
vantages, depending on catalyst type, deactivation mechanisms
and regeneration conditions. In this paper we will discuss re-
cent advances in coke removal using oxidation (air/Oz, O3 and
NOx), gasification (COz, H20) and hydrogenation (Hz). The aim
of this review is to better understand each regeneration meth-
od discussed, and provide more insights into the most suitable
regeneration method in the design and optimization of cata-
lysts and the relevant processes.

2. Regeneration using oxidation

2.1. Air/oxygen combustion

The most frequently used method to regenerate coked cata-
lysts is oxidation, using air or oxygen [7,9]. Applications are
applied in industrial processes such as FCC [28,29], hy-
drotreating [6], catalytic reforming [30] and methanol to ole-
fins (MTO) [31]. Coke oxidation can be typically represented by
the following reactions [32,33]:

2H(s) + %02(g) — Hz20(g)
(s) + Oz(g) — CO2(g)

C(s) + %02(g) — CO(g) -110.4 KkJ/mol (3)
CO(g) + ¥%02(g) — CO2(g) -285.0 KkJ/mol (4)

Coke oxidation is an exothermic process (Egs. (1)-(4)) with
H20, COz or CO as the main products in the flue gas. In some
industrial processes such as FCC, the heat generated by coke
oxidation compensates for the heat needed for the endothermic
cracking reactions, and favors the heat balance between reactor
and regenerator. In other industrial processes such as MTO,
however, the exothermicity of both methanol conversion and
coke oxidation makes it a complicated task to remove the ex-
cess heat in the reactor-regenerator system. In addition, water
as a regeneration product may cause catalyst dealumination
due to the thermal and hydrothermal instability of most cata-
lysts at high temperature [32]. This is in particular relevant to
fixed-bed reactors, because of their poor heat transfer capacity.
The temperature of the catalyst bed can rise steeply and cause
temperature runaways [34].

The rate of coke removal during air combustion is depend-
ent on catalyst type. Magnoux et al. [35] compared the coke
oxidation of different catalyst types in air and found that the
coke oxidation rates of HY and H-mordenite were faster than
that of HZSM-5. They attributed the rate difference to the pore
structure of catalysts, because the pore structure affects the Oz
diffusion, which subsequently affects the contact between coke
and Oz, inducing shape-selectivity onto the coke oxidation pro-
cess [35]. Similarly, it was observed that the coke oxidation rate
of HFAU-type catalysts was higher than that of the HEMT type,
regardless of framework composition and coke content. This is
because the coke deposited on HFAU catalysts was preferen-
tially deposited on the outer surface and easily accessible to O2
[36].

Acid sites also affect coke removal during regenerations.
Jong et al. [27] studied the regeneration of coked HZSM-5
ethylbenzene conversion catalysts in air. They found that coke
deposited in the intracrystalline channels near the Brgnsted
acid sites was removed prior to that on the external surface. In
this case, alkylated polyaromatic carbonaceous compounds
were converted into a more condensed aromatic structure
during coke oxidation [27]. Guisnet et al. [37] showed that the
density of HY framework aluminum atoms, i.e., the density of
acid sites, could alter the rate of coke oxidation.

The coke oxidation rate is also influenced by the nature of
coke. Auguayo et al. [38] showed that the H/C ratio of deac-
tivated HZSM-5 catalysts would decrease after sweeping with
He. And the activation energies of these catalysts regenerated
with air combustion, would increase compared to that of deac-
tivated catalyst without sweeping [38]. This holds also true for
SAPO-34 catalysts, coked at different reaction conditions and
treated with air combustion [39]. Ortege et al. [40] reported

-121.0 kJ/mol (1)
-395.4 KkJ/mol (2)
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that the combustion kinetics were related to the H/C of the
coke deposited on HZSM-5 catalyst in methanol to gasoline
process. The activation energy increased from 68.2 to 170
kJ/mol, with the H/C ratio decreasing from 2.35 to 0.48. Chen
et al. [41] investigated the combustion kinetics of deactivated
ZSM-5/MOR catalysts used in n-heptane cracking and found a
relationship between the H/C ratio and activation energy. The
lower the H/C ratio, the more difficult it was to remove the
coke, suggesting higher activation energies. In summary, coke
oxidation rates depend on several factors, such as pore struc-
ture, catalyst acidity, coke property, and coke location.

Due to the complex coke composition, pyrene was impreg-
nated on HY zeolites and used as a model to study coke com-
bustion behavior. Moljord et al. [42] proposed that three types
of reactions occured during the oxidation of pyrene trapped in
HY catalysts: (a) condensation of polyaromatic molecules, (b)
oxidation of polyaromatics into oxygenated compounds and (c)
decarbonylation or decarboxylation of oxygenated compounds.
In a regeneration study of a deactivated ferrierite-type zeolite,
Keskitalo et al. [43] found that the formation of the oxygenated
intermediate was a fast equilibrium reaction. Meanwhile, Mag-
noux et al. [35] discovered that, regardless of the properties of
catalyst and coke, the combustion always started with hydro-
gen removal, yielding water and oxygenated intermediates,
which subsequently decomposed into CO and COz, or being
completely oxidized into COz and Hz0. This was verified by the
evolution of H20, COz and CO using a stepwise temperature
program in air, as shown in Fig. 1. At temperatures lower than
300 °C, a large quantity of water was formed, while at temper-
ature higher than 500 °C only COz and CO were observed [37].
Nakasaka et al. [44] employed the multiple-reaction model to
analyze the regeneration of coked MFI-type zeolite after cata-
lytic cracking of n-hexane. The activation energies of carbon
and hydrogen were 156 and 140 kJ/mol, respectively. These
results all proved that the coke oxidation was initiated by hy-

2.0 ' T T

10-3mol/q zeol.
o o

Q
o

200 300 400 500 600
Temp.(°C)

Fig. 1. Evolution of Hz0, CO, and CO: as function of oxidation tempera-
ture. Tests were carried out in a fixed-bed reactor using a stepwise
temperature program in the range of 250 to 550 °C. The H20 and CO:
evolved were trapped by anhydrone and ascarite traps, respectively
[37], Copyright (1995) Elsevier.

drogen removal, followed by removal of carbon.

Coke oxidation is a strongly exothermic reaction and the re-
leased heat may lead to irreversible catalyst damages. Temper-
ature reduction becomes critical in order to avoid thermal
damage during coke regeneration. An effective way is to modify
the catalysts with metals. Numerous studies had been devoted
to understand the effect of additional metal on coke oxidation
[45-49]. Kozhevnikov et al. [49] modified silica-supported het-
eropoly acids with Pd and found the catalyst regeneration
temperature was reduced from 450 to 350 °C. Moreover, coke
located close to the metal is much easier to remove, while coke
located on the support requires longer regeneration time and
higher temperatures to be removed [50,51]. When Aguayo et al.
[52] studied the regeneration of coked Cu0-Zn0-Al203/y-Al203
catalysts using temperature-programmed oxidation (TPO),
they observed two peaks. The first peak at 260 °C was at-
tributed to the combustion of coke deposited on metal sites,
while the second peak at 400 °C corresponded to the combus-
tion of coke associated with acid sites. Adding Pt and Gd to
ZSM-5 catalysts enhanced the coke oxidation ability and syner-
gistic effects were also observed. The maximum oxidation
temperatures of ZSM-5, Gd/ZSM-5, Pt/ZSM-5 and Pt-Gd/ZSM-5
were 618, 583, 517, and 492 °C, respectively (Fig. 2) [47].

Although metal-modified catalysts can promote the coke
combustion rate and reduce the regeneration temperature, it
also has its disadvantages. For example, the catalyst stability
and regenerability cannot be guaranteed. Furusawa et al. [53]
used a Ni/MgO catalyst for steam reforming of naphtha-
lene/benzene. The catalyst activity was stable from the first
until the third cycle, but then suddenly decreased in the fourth
cycle. Similarly, Lu et al. [54] investigated the regeneration
cycle stability of a Ni/y-Alz03 catalyst for toluene cracking. The
cracking was carried out at 700 °C for 0.5 h, followed by air
combustion at 600 °C for 3 h. The cycle performance is shown
in Fig. 3. Although the regeneration could recover the Hzyield
to a certain extent, the yields gradually decreased after each

——ZSM-5

—— Gd/ZSM-5
——Pt/ZSM-5
——Pt-Gd/ZSM-5

400 500 600 700 800 900 1000 1100
Temperature (K)

Fig. 2. TPO profiles of metal-modified ZSM-5 catalysts deactivated after
cracking for 10 h at 450 °C. The deactivated catalysts were pretreated
with He at 200 °C to dry and remove volatile compounds before the
oxidation step. The system was then heated at a ramping rate of 20
°C-min-! under a flow of 10 cm3-min-! of 10% O, balanced with He [47]
Copyright (2014) Elsevier.
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Fig. 3. Hz yield with time on stream and different cycles. Cracking tests
lasted for 0.5 h at 700 °C. Then the catalyst was cooled to 600 °C and
oxidized in air for 3 h using the same experimental apparatus. The
regeneration and cracking tests were conducted four times, defined as
cycle 1 to cycle 4 [54], Copyright (2017) American Chemical Society.

cycle, explained by Ni sintering and graphitized residual coke.

In addition to metal modification, alternative strategies to
limit high temperatures have also been proposed. In industrial
practice, regeneration temperatures are typically controlled by
adjusting the Oz concentration. Steam, sometimes nitrogen, is
used as a diluent in industrial-scale plants [2]. Moreover, a
two-stage regeneration system has been developed and is used
in FCC units [55-57], because hydrogen-rich fractions of coke
significantly contribute to heat production and react easily with
02. The first stage operates at a temperature just enough to
remove these hydrogen-rich coke. The second stage operates at
a higher temperature to remove the more stable residual coke
[32]. Owing to the relatively low temperature of the first stage
and low water partial pressure in the second stage, structural
changes to the catalysts are minimized [9].

In conclusion, to regenerate coked catalysts with air com-
bustion is often the preferred and most practical route. How-
ever, high exothermicity can easily cause overheating, leading
to dealumination, metal sintering, and catalyst degradation.
Therefore, developing an efficient but milder regeneration
method is of particular interest.

2.2. Ozone/oxynitride oxidation

Owing to its strong oxidizing properties, O3 can remove coke
from catalysts at a much lower temperature (50-200 °C)
[18,58-61]. Copperthwaite et al. [58] showed that regeneration
with ozone-enriched oxygen (03/02 mole ratio of 0.05) re-
stored the catalytic activity of deactivated ZSM-5 methanol
conversion catalysts at 150 °C in 90 min. Compared to Oz reac-
tivation a slightly increased lifetime but reduced initial me-
thane yield were observed. Mariey et al. [61] reported that coke
deposited on HY catalysts could be removed by O3 at 180 °C or
lower. While for Oz regeneration, a temperature higher than
500 °C was needed. Studying 0O3/02 regeneration of coked HY
catalysts, Hutchings et al. [55] regenerated coked catalysts with
ozone-enriched oxygen at 250 °C without risk of hydrothermal

degradation. However, the coke located in the center of the
extrudates was not removed due to pore diffusion limitations
and rapid Oz dissociation.

For supported metal catalysts, metal segregation and sin-
tering are almost inevitable after repeated regenerations using
air combustion at high temperatures. To ensure catalyst stabil-
ity during regeneration, common practice is to remove the coke
at low temperature. For example, Pieck et al. used O3 as regen-
eration medium to remove coke from Pt-Re/y-Al203 [60,62]
and Pt-Sn/y-Alz203 [63] catalysts almost at room temperature,
with a maximum at 150-160 °C. Moreover, they observed that
coke removal with Oz starts on the metal sites, while that with
O3 starts on the alumina support [63]. Furthermore, tempera-
tures higher than 150 °C were not beneficial due to the strong
diffusion constraints of O3 inside the zeolite particles, decom-
posing O3 rapidly [64]. Khangkham et al. [65] investigated the
regeneration of coked ZSM-5 after polymethyl methacrylate
cracking, using O3 at low temperature. They determined that at
higher temperature the O3 decomposition rate was faster than
its diffusion rate, leading to a significant reduction of the over-
all oxidation rate.

In summary, coke removal using O3 oxidization at low tem-
perature is an efficient process [66] with a low risk of hydro-
thermal degradation, dealumination and metal sintering. How-
ever, 03 oxidization also has its drawbacks. On the one hand, it
is difficult to remove coke from the center of catalyst particles,
because of rapid Oz dissociation. On the other hand, the exten-
sive use of O3 in industrial processes is limited, because O3
emissions are strictly controlled to a maximum of 75 ppb, to
avoid damaging the atmosphere [32].

Despite O3, NOx are also potential and cheap oxidization
agents, able to remove coke at low temperatures. Ivanov et al.
[67] reported that N20 was more efficient than Oz removing
coke from ZSM-5, deposited during benzene-to-phenol oxida-
tion reactions. Barbera et al. [68] used NO2 to regenerate ZSM-5
catalysts deactivated during conversion of methanol to hydro-
carbons. They discovered that coke, specifically coke on the
external surface, could be removed at around 350-400 °C,
which temperatures were about 200 °C lower than that for
regenerations using conventional air combustion. However, the
ZSM-5 catalyst activity became unstable after regeneration
with NO2 oxidation, which might be partially attributed to the
redistribution of Al atoms and irreversible catalyst degradation
during NO2 oxidization [68]. In this context, regeneration of
coked catalysts using NOx oxidation is not advanced enough
and needs further research.

3. Regeneration using gasification

Although coke oxidization is widely employed to regenerate
deactivated industrial catalysts, the coke cannot be valued and
large amounts of COz are released. COz is a greenhouse gas
causing significant environmental issues, such as global warm-
ing. For example, regeneration of spent catalysts with air com-
bustion in FCC units produces about 40%-45% of CO2 emitted
from refineries [69]. An alternative way to reduce COz emission
is to regenerate the spent catalyst using gasification with H20
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or COz. The gasification of coked catalysts in FCC processes has
been studied before [70-73].

3.1. (02 gasification

Utilization of CO: as feedstock has attracted increased in-
terest owing to its positive impact on the global carbon balance
[74]. CO2 can act as a mild oxidizing agent when reacting with
coke, which is known as the Reverse Boudouard (RB) reaction
[75], as shown in Eq. (5). Regeneration of coked catalysts via
CO2 gasification can reduce COz to CO, beneficial to the carbon
footprint.

C(s) + CO2(g) — 2CO(g) + 172 KkJ/mol (5)

CO2 has been used for gasification of coal, biomass, and
sewage sludge [76-78]. These resources are out of scope for
this review and will not be discussed further. CO2 gasification is
a highly endothermic reaction and normally takes place at
temperatures above 700 °C [79], which conditions might de-
stroy the catalyst structure and/or cause sintering [80]. There-
fore, the low reactivity of COz and the high reaction tempera-
tures needed are the two main limitations for catalyst regener-
ation using CO: gasification [81]. Compared to steam gasifica-
tion, CO2 gasification has still several advantages. Unlike steam,
COz is a gas and thus requires no vaporization before gasifica-
tion. In addition, steam can attack the Al-O bond of the catalyst
at high temperature, which leads to the collapse of the catalyst
framework [82-84]. This is not occurring in CO? gasification.

The most widely used mechanism for uncatalyzed car-
bon-CO; gasification follows a two-step oxygen exchange pro-
cess [85]:

Cs + CO2 & C(0) + CO (6)
C(0) —» CO + Cr )
where Cr is an available active site, and C(O) represents the
reactive carbon-oxygen surface compley, i.e,, an occupied active
site. According to this mechanism, CO: is first dissociated at a
free active site and forms the carbon-oxygen complex, releasing
a CO molecule. Then the carbon-oxygen complex produces a
newly available active site and another CO molecule [85].
Freund et al. [86,87] studied CO2 gasification, uncatalyzed and
with K-catalyst, and observed that the K-catalyst not only pro-
vided an active center for CO2 adsorption and dissociation but
also increased the number of active sites, without changing the
kinetic mechanism, in contrast to the uncatalyzed gasification
[86,87]. In this section, however, we will mainly focus on the
coke removal on different catalysts using CO2 gasification.

Santos et al. [70] investigated the regeneration of coked FCC
catalysts under COz/He atmosphere with tempera-
ture-programmed reaction from room temperature to 1000 °C.
They found that the coke type had an obvious effect on the gas-
ification rate. Aliphatic and poly-substituted aromatic species
were prone to react with COz2. Moreover, CO2 gasification could
be fitted well to a first-order kinetic model with temperature
being varied from 600 to 940 °C [70]. Although the Oz reactivity
is several orders of magnitude higher than that of CO2, CO2 gas-
ification can still take place in the presence of Oz, and even
dominates the initial stage of the catalyst regeneration, de-
pendent on the CO2z partial pressure [70]. In order to regener-

ate the coked catalyst used for upgrading heavy petroleum
feeds, Wang et al. [88] studied the gasification reactivity with
CO2at 800-900 °C. Results showed that increasing temperature
was favorable to improve the gasification rate, but the rate
decreased significantly when the coke conversion increased
above 50%. This was in good agreement with the results of
Santos et al. [70]. Coke deposited on the catalyst surface is re-
moved first, followed by the coke deposited in the pores. In this
case, Knudson diffusion gradually becomes dominant with
proceeding reaction, leading to a decreasing gasification rate.

Although CO2 could react with coke at high temperatures,
from a viewpoint of thermal stability, low gasification temper-
atures are desired. Previous studies showed that the CO2 gasi-
fication rate can be effectively promoted by additives [89]. For
example, catalysts doped with metals can both increase the
gasification rate and reduce the gasification temperature.
However, it should be stressed that metals could poison and
deactivate the catalyst. Therefore, the metal amounts should be
small relative to the quantity of catalyst. Moreover, different
metal additives may affect COz gasification differently, making
the development of suitable metal additives a major challenge.

Mirzabekova et al. [90] studied the coke removal of cracking
catalysts via COz gasification. They found that catalysts modi-
fied with Mn or La (5 wt%) increased the average gasification
rate almost 15 times compared to that of unmodified catalysts.
Sun et al. [91] treated deactivated FeLi/ZSM-5 ethyl benzene
conversion catalysts under COz atmosphere at 550 °C for 4 h,
and observed that the catalytic activity could be partially re-
covered. It has also been demonstrated that FCC regeneration
processes can remove coke from deactivated alumina modified
with vanadium, group I, and group II elements via CO: gasifica-
tion [71,75,92,93]. A study on the regeneration of deactivated
Al203, K/Al203, V/Al203, and V-K/Al203 catalysts under 10%
CO2z/He atmosphere showed that the presence of K and V could
enhance the gasification rate. The activation energy required
for CO2 gasification was reduced from 349 kJ/mol for Al.03 to
249 kJ/mol for K/Al203, and further to 192 kJ/mol for
V-K/Al203 [75]. In another study, CO: gasification, to remove
coke from alkali (Li, Na and K) and alkaline earth (Ca and Mg)
modified Al203 catalysts, was investigated. The gasification
activity followed the order: K > Mg, Li > Ca, Na > pristine Al203
[92]. Perira et al. [93] explored the coke gasification with CO2
over alumina modified with Na, Ca and V. A synergism was
observed for metal combinations such as Na-V and Ca-V, re-
sulting in a decrease in gasification temperature. This also
proved that V played a significant role in COzactivation. How-
ever, according to previous work [94], group I and II elements,
and V can poison FCC catalysts. Hence, Pereira et al. [71] mixed
Li-V/Al203 as an additive to spent USHY, and showed that lower
CO: gasification temperatures than that for the unmodified
USHY catalyst can be applied. They also explored the propor-
tional effect of additive addition on gasification temperature, as
listed in Table 1. As the proportion of additive decreased, high-
er temperatures were required [71].

COz gasification has also been used for regenerating
Ni-based catalysts from steam reforming of hydrocarbons [95].
Xu et al. [96] conducted comparative tests to regenerate coked
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Table 1

Maximum and initial CO formation temperatures and final coke loading
for RB reaction of mechanical mixtures of Li-V/Al.0s and USHY under
COz2/He atmosphere. The coked samples (100 mg) were heated from 25
to 1000 °C at a heating rate of 10 °C-min-! under a flow of 10% CO2zin
He at 60 ml'min-1. The CO flow was monitored with an on-line mass
spectrometer [71], Copyright (2016) Elsevier.

Sample Tmax®(°C)  Tmin® (°C)  CoKefinal (%)
Li-V/Al203 784 570 traces

1 USHY: 1 Li-V/ALz03 879 647 traces

1 USHY: 0.33 Li-V/AlL:03 913 647 traces

1 USHY: 0.2 Li-V/Al203 >1000 688 traces

1 USHY: 0.1 Li-V/Al20s3 >1000 655 traces

1 USHY: 0.05 Li-V/Al:03 >1000 682 0.8
USHY >1000 706 1(19.19

aTemperature at which maximum CO formation was observed. » Tem-
perature at which CO starts to be formed. ¢<0.1%. ¢Initial coke loading.

Ni-Al203 catalysts used in reforming of bio-oil with CO2, Hz0,
and air, respectively. They found that COz was the best choice,
as steam gasification would consume large quantities of H20
and air oxidization would cause catalyst sintering. However,
the catalyst regenerated with CO2 gasification at 700 °C shows
lower activity and stability than the fresh catalyst. Moreover,
the activity and stability of regenerated catalysts gradually
decreased with increasing reaction-regeneration cycles (Fig. 4).
Bednarczuk et al. [97,98] reported that the coke deposited on
deactivated ethanol steam reforming Ni catalysts (with Al203,
MgO, Y203, Laz03 and ZrOz supports) might be partly removed
by CO: gasification, accompanied by a partial recovery of cata-
lyst activity.

Considering that CO is one of the products and COz: is the
reactant of dry reforming of methane (DRM), Vasconcelos et al.
[99] investigated the regeneration of coked DRM Ni catalysts
with 21% COz/Nz at 700 °C. They showed that the catalyst ac-
tivity could be fully recovered by regeneration in both CO2 and

85
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—e— First CO, regeneration catalsyt
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Fig. 4. Effect of reaction time on hydrogen yield of different catalysts.
CO2 reforming of bio-oil was carried out in a fixed bed reactor, the reac-
tion temperature was 700 °C and COz/bio-oil = 0.75. The deactivated
catalyst was regenerated in a stream of CO heating from room tem-
perature up to 850 °C at 10 °C/min, maintaining this temperature for 4
h [96], Copyright (2019) Elsevier.

air. The group of Otsuka also studied the regeneration of coked
methane decomposition Ni catalysts under CO: atmosphere
[100-102]. They envisioned that a zero COz-emission process,
in which the decomposition of methane is coupled with CO2
gasification, could be achieved [100]. A (5 wt%) Ni/SiO2 was
used to study the repeatability of regeneration with methane
decomposition at 530 °C and coke gasification at 630 °C. A de-
crease in hydrogen formation could be seen after two cycles,
indicating poor regenerability. They ascribed the decrease of
catalytic activity to the change of catalyst structures during the
repeated reactions [100]. They also studied support effects
(SiOz, TiOz and Alz203) of Ni catalysts with methane decomposi-
tion at 550 °C and CO2 gasification at 650 °C. Catalytic activity of
Ni/TiOz and Ni/Al203 could be sufficiently maintained during
reaction-regeneration cycles [101], which suggested that in
terms of regeneration performance, both TiO2 and Al203are, in
contrast to SiOz, excellent supports for those Ni catalysts [102].

CO:2 gasification is highly endothermic and energy intensive,
and Oz can be added to the CO2z-rich atmosphere to achieve
autothermic condition. The burning of coke with 02 supplies
the energy required for the COz gasification [103]. Alenazey et
al. [104] reported that the integration of air combustion and
CO: gasification could minimize energy usage, decrease green-
house gas emission, and reduce catalyst sintering. This type of
regeneration, using a rich COz atmosphere, is defined as
one-stage FCC regeneration that is shown in Fig. 5 [92]. Here,
02 is obtained from an air separation unit and then mixed with
CO:2 to regenerate the spent catalyst. A large quantity of CO is
produced, and the highly concentrated unreacted CO: is recy-
cled through the system [70,92,93].

Scheme 1 shows the reaction steps of the one-stage FCC re-
generation system. The reaction of Scheme 1a is slightly endo-
thermic while the reaction of Scheme 1b is highly endothermic,
since the oxidized groups decompose on a coke/graphite sur-
face [105]. Scheme 1c represents the reaction of coke burning
with Oz, which can provide the energy demand for the overall
FCC process, without increasing the temperature of the FCC

F Fuel

Catalytic upgrade

to higher value (

products %5
co é
Reservoir | co,+co
Co,
s
o
@ b
o) s P
o 2 j
c
%
1Y
0,+C0O, 1 " G— Ol
0, :

Fig. 5. One-stage FCC regeneration system under rich CO2 atmosphere
[92], Copyright (2014) Elsevier.
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COz + Coke — CO + Coke-O 1-a
Coke-O — CO/CO2 + Coke 1-b
Coke-O + 02 - CO/CO2 1-c

Scheme 1. Reaction steps involved in FCC catalyst regeneration using a
C02/02 atmosphere [93].

regenerator (690-720 °C) [93]. However, since the oxidation
reactivity of Oz is several orders of magnitude higher than that
of COz, this approach has not been applied practically [74].

To overcome the drawbacks of one-stage FCC regeneration
in rich COz atmosphere, Silva et al. [92] proposed a two-stage
FCC regeneration system, as shown in Fig. 6. In the first stage
most of the coke is gasified with COz due to the high CO2 partial
pressure and low Oz concentration. In the second stage the
residual coke is further oxidized with O at a higher partial
pressure and provides heat to the first stage as well as the
overall FCC process. Hettinger et al. [106] envisioned a similar
stepwise regeneration system. The only difference is that only
COz is used in the first stage to remove most of the hydrogen on
the coke.

Coke gasification with CO: is a promising method that can
be used for CO2 reduction and CO production, in which metal
additives can act as promoters to improve the gasification rate
and reduce the gasification temperature. However, the de-
crease of catalyst activity and stability after several reac-
tion-regeneration cycles is still a big challenge for CO2 gasifica-
tion and requires further studies.

3.2. Steam gasification

Steam as gasifying agent in regeneration processes can also
mitigate the accumulation of COz and produce syngas (Hz and
CO). Steam gasification of coal or biomass is a well-known pro-
cess widely applied [107-112]. However, when steam is used
to remove coke deposited on catalyst at high temperature, it
can destroy the structure of catalyst and cause permanent cat-

Spent CO/co, co,
Catalyst N /\ i —— >Catalyst (reg.)
(Coke) ’ ----- w = L
- o~
() Q
g RB reaction o _ >
5 partial combustion Full combustion ﬁ
regime regime
CO,/0,¢ = \ / 10,/co,
Coke-O
SsP Heat transfer

Fig. 6. Two-stage FCC regeneration system with diathermy wall
providing heat transfer between the stages. Stage 1 favors RB reaction
working with high COz and low O partial pressure. Stage 2 works at
high O partial pressure to burn residual coke from stage 1 and provide
heat for the overall FCC process [92], Copyright (2014) Elsevier.

alyst deactivation. Hence, the catalyst must have an excellent
hydrothermal stability. The scheme of coke gasification with
steam can be described using Eq. (8).

C(s) + H20(g) —» CO(g) + Hz(g)  +131KkJ/mol (8)

The coke gasification rate (lignite and bituminous coal
chars, commercial coke) with H20 is 2-5 times higher than that
with CO2[113]. Tian et al. [88] also reported that the reactivity
of steam gasification was about 3-5 times higher than that of
CO2, removing coke from catalysts used for cracking heavy pe-
troleum feeds at 800-900 °C . Steam gasification of graphitic or
less reactive coke species requires high temperatures of be-
tween 700-900 °C, which, together with the hydrothermal in-
stability of catalysts at that temperatures, restricts the practical
use of steam gasification for coke removal in industrial pro-
cesses.

Zhang et al. [114] observed that the steam gasification rate
for spent FCC catalysts used in vacuum residue cracking was
quite low, regenerating at temperatures below 700 °C. Increas-
ing the temperature to 800 °C improved the coke removal rate.
The Hz and CO fraction in the product gas remained stable at 87
vol%, independent of gasification temperature [114]. The
steam gasification rate first increased, reached a maximum at
coke conversions of 5%-20% and then slowly decreased
[115,116]. Sahimi et al. [117] related the maximum in the
steam gasification rate to the difference in initial pore volumes.
During cracking, coke can deposit on both the external surfaces
and the internal pores. The coke on the external surface reacts
first with the steam and unblocks pores. Thereafter, the gasifi-
cation rate reaches a maximum due to the increased contact
area between coke and steam. As the steam gasification pro-
ceeds, the coke content gradually decreases, resulting in a low-
er gasification rate [115,116].

Similar to Oz oxidization and CO2 gasification, the steam gas-
ification rate can also be accelerated with metal or metal oxide
additives [2]. Gorma et al. [72] observed that the coke deposit-
ed on typical FCC catalysts had a very low reactivity during
steam gasification. Modifying the FCC catalyst with selected
metals such as La, Ce, Zn, Ti and Mn, can improve the gasifica-
tion rate by 50%-150%. Zhang et al. [118] added alkaline metal
oxides into USY zeolites to create a bifunctional catalyst (BFC)
and compared it with commercial FCC catalysts. They observed
that the regeneration time for BFC was 50% shorter compared
to commercial FCC catalysts, though the product gas composi-
tions was almost unchanged. The gasification kinetics of these
two catalysts were also evaluated. The activation energy of BFC
was about 115 k]/mol lower than that of the commercial FCC
catalyst (150 kJ/mol), indicating that alkaline metal oxide dop-
ing can accelerate the gasification rate [119]. They also studied
the effects of catalyst structure and operating parameters on
steam coke gasification [120]. In their work, five different cata-
lysts, FCC (Y-zeolite), BFC [118], K-BFC (doping K to adjust the
catalyst acidity), A-FCC and A-FBC (steam pretreatment of the
FCC and BFC catalysts at 800 °C for 14 h), were used. Coke was
gradually removed from these catalysts and the pore structure
recovered. The product gas compositions during coke gasifica-
tion at 800 °C were similar (Fig. 7(a)), however, the gasification
rate over the K-BFC catalyst was the fastest due to the
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well-developed pore structure, high alkaline oxide content, and
effective additives (Fig. 7(b)) [120].

The integrated residual cracking and gasification (ICCG)
process realizes the stepwise and value-added utilization of
heavy oil and petroleum residues, producing syngas via coke
gasification with steam, as shown in Fig. 8. Heavy oil is first
cracked into volatiles, with the formation of coke at the same
time. Then coke is gasified with steam, to produce syngas. The
steam gasification can be simultaneously used to regenerate
spent catalysts. Hydrogen is separated and used to hydrotreat
the cracked oils. Regenerated catalyst particles can be recircu-
lated to the reactor to provide the heat for catalytic cracking
[120].

A similar process coupled the heavy oil catalytic cracking
with coke gasification is also developed [121-123]. Due to the
poor hydrothermal stability of typical FCC catalysts, a calcium
aluminate catalyst was used in this process to facilitate coke
gasification and reduce regeneration temperature [122]. This
catalyst demonstrated, using coke gasification with steam be-
low 800 °C, that the Hz and CO: fraction in the product gas
could reach 81.5 vol%, and coke removal was 93.6% [123]. The
catalyst was still active after three reaction-regeneration cycles,
suggesting that the calcium aluminate catalyst was suitable for
this coupled process [123].

The effect of Oz on gasification activity and product gas
composition was investigated. Zhang et al. [114] studied the
coke removal from FCC catalysts, adding 5 vol% O: to the
steam. CO2 was significantly increased and H: reduced, while
gasification time was only slightly shortened. Tian et al. [73]
determined the effect of Oz concentration on the product gas
distribution (Fig. 9), and discovered that the effect of steam in
the gasification reaction was dramatically reduced if Oz con-
centration was sufficiently high. At 780 °C, if the Oz partial
pressure was lower than 2.0 kPa, the proportions of CO, Hz and
CHas decreased, while CO2 proportion increased with increasing
02 concentration. However, as the partial pressure of 0z ex-
ceeded 13.8 kPa, the composition and proportion of product
gas were similar to that in an O2-Nz atmosphere. They selected

02 (2 kPa) and steam (90 kPa) as the gas mixture to study ki-
netics and observed the activation energy decreasing from 230
kJ/mol (pure steam) to 90 k] /mol and decided to better use the
shrinking-core model rather than the homogeneous model to
describe the gasification behavior. Using the BFC catalyst,
Zhang et al. [119] introduced 3% O: to the steam and found a
significant decrease in regeneration time. They showed, coke

P Cracking gas
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L Light/medium oil

= Syngas into Pure H:

=P H:S into sulfur

Fig. 8. Flow scheme for the integrated cracking and coke gasification
process [120], Copyright (2017) American Chemical Society.
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Fig. 9. Effect of 02 concentration on gas composition for coke gasifica-
tion with steam-O2 (left column) and 02-N: (right column) at 780 °C for
5 min. The coked catalyst is heated for 30 min at 800 °C under nitrogen
flow for devolatilization pretreatment and then the volatiles removed
[73], Copyright (2014) American Chemical Society.
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could be removed below 800 °C with pure steam in 30 min, and
using the gas mixture in 10 min. The activation energy de-
creased from 115 to 45 k] /mol after introducing 3% O.

Coupling the steam gasification with Oz combustion is also
used to control the heat balance in some processes. Gorma et al.
[72] proposed a step-out improvement of FCC concept, in
which the heat balance in the unit was optimized, removing
large coke quantities in a regeneration process that coupled
steam gasification with Oz combustion. However, it was difficult
to obtain an adequate heat balance at certain gasification tem-
peratures. A two-stage FCC regeneration process was present-
ed by Tian et al. [88], in which catalyst coke was partially burnt
with Oz in the first stage to release heat and increase the tem-
perature of the catalyst particles. Subsequently, the residual
coke was further gasified with steam in the second stage.
However, Zhang et al. [115] pointed out that steam gasification
should first be used to convert most of the deposited coke to
syngas, followed by air combustion to completely remove the
residual coke.

Coke deposited on the catalyst may even favor reactions of
interest. For instance, coke could improve catalyst shape selec-
tivity to increase specific product yields, reduce side reactions
through selective poisoning of non-selective active sites, or
promote catalytic activity through formation of new active
centers, induced by certain coke species [124]. Therefore, it
may not be necessary to remove coke completely in these cas-
es. For example, the partial regeneration of the SAPO-34 cata-
lyst via steam gasification benefited the yield of light olefins in
the MTO process [125]. Steam gasification was more suitable
for partial regeneration, because the residual coke was more
effective, enhancing the ethylene selectivity compared to air
combustion [125]. This new regeneration method not only
maximizes the utilization of carbon atoms but also increases
the targeted product selectivity, encouraging similar ap-
proaches in related industrial processes.

Although steam gasification has a higher reaction rate than
CO:2 gasification, it is limited to the hydrothermal stability of the
catalyst. Therefore, steam gasification has been seldom used in
industrial regeneration processes. The use of metal modified
catalysts and Oz-steam gas mixtures as regeneration gas enable
the reduction of the steam gasification temperature. However,
these applications need more detailed studies.

3. Regeneration using hydrogenation

Coke removal can also be realized by non-oxidative treat-
ments, such as pyrolysis using inert gas [38,126], or hy-
drocracking using hydrogen or alkanes [26,127]. Schulz et al.
[128] reported that coke deposited on HZSM-5 catalysts could
be completely removed by inert gas treatment at a temperature
of 287 °C, but only partially removed at higher reaction tem-
peratures of 327-377 °C. Magnoux et al. [126] found that coke
deposited on USHY catalysts could be partly removed by N:
treatment, which caused the degree of residual coke aromatic-
ity and catalyst deactivation to increase. In other words,
whether the catalytic activity can be recovered or not after
treatment with inert gas at high temperature remains ques-

tionable. Therefore, in the following section, we mainly focus
on catalyst regeneration using hydrocracking with hydrogen.

It was observed by Marecot et al. [129] that methane was
the only product when an industrially coked Pt/Al203 catalyst
was regenerated under hydrogen atmosphere using a temper-
ature programmed reaction. Therefore, the coke removal reac-
tion with Hz can be described with Eq. (9).

C(s) + 2Hz2(g) —» CH4(g) -75KkJ/mol 9)

Walker et al. [130] found that the relative coke removal rate
at 800 °C was in the order of 02 > H20 > CO2 > H2, which means
that Hz is relative inactive and coke regeneration with Hz is a
time- and/or energy-consuming process. Han et al. [131] dis-
covered that a Mo/HZSM-5 catalyst coked by methane dehy-
droaromatization reactions could only be effectively regener-
ated with Hz at temperatures above 850 °C. Bauer et al. [26]
found that a spent HZSM-5 catalyst, used in methanol to hy-
drocarbon reactions, could be partially reactivated by hydrogen
and alkanes treatment at 420 °C. This was the result of hydro-
genation and hydrocracking reactions, increasing activity re-
covery and the H/C ratio of residual coke. They attributed this
to the acid zeolites used, which were able to activate hydrogen
bonds and facilitate coke hydrocracking [26]. Aguayo et al. [38]
observed that after Hz treatment of coked HZSM-5 catalysts, the
catalyst activity was restored, and the H/C ratio slightly in-
creased, suggesting that H2 minimizes coke dehydrogenation.
However, Jong et al. [27] showed that coke deposited on
HZSM-5 could not be completely removed, using Hz as regen-
eration gas, even at temperatures as high as 900 °C. Combining
xenon adsorption and 13C CP-MAS NMR spectra, they observed
that internal coke near the Brgnsted acid sites was removed
preferentially to that on the external surface of the zeolite
crystallites. This indicates that Brgnsted acid sites play an im-
portant role in Hz regeneration treatments [27]. Bauer et al.
[132] discovered that propane could also selectively remove
coke from spent catalysts. They analyzed the coke removal
mechanism of a spent HZSM-5 zeolites in the presence of hy-
drogen or alkanes. As illustrated in Fig. 10, after hydro-
gen/alkane treatment, internal active sites were reactivated
while external coke remained [132].

The effectiveness of regeneration gas used at 500 °C to re-
move coke on spent m-xylene transformation USHY catalysts
follows the order of air > Hz >Nz [133]. Moreover, Benamar et
al. [133] observed that the degree of coke removal with Hz
treatment depended on the coke content deposited on the de-
activated catalyst. After Hz treatment, 35% coke was removed
from the low coke containing sample and only 15% from a high
coke containing sample. In their study on the regeneration of a
coked mordenite catalyst, used for toluene disproportionation
(TDP), Gnep et al. [134,135] found that H> had a positive effect
on coke removal and catalytic activity recovery. However, the
removal degree was dependent on the H/C ratio of the coke.
The hydrogen reactivation was only successful for H/C ratio of
coke greater than 1.0. George et al. [136] observed that for a
spent NiMo/Al203 catalyst, used in gasoil hydroprocessing,
coke could not completely be removed under a H, atmosphere
at 500 °C. However, this was attributed to the coke property
rather than the regeneration conditions. This finding was later
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confirmed by Silva et al. [137] in their regeneration studies on
deactivated NiMo/Al203 catalysts, using Hz at 400 °C. They con-
cluded that Hz treatment could only remove the soft or soluble
portion of the coke, without affecting any harder coke. Note
that the harder the coke, the lower the H/C ratio. Consequently,
the H/C ratio of coke influences coke regeneration with H:
treatment.

However, more experiments verified that the removal of
coke depends on the coke property can be eliminated by oper-
ating at lower temperature and elevated pressure. More than
40% coke could be removed, treating a deactivated MTO
SAPO-34 catalyst with Hz at a pressure of 4 MPa and a temper-
ature of 450 °C. The residual coke species were analyzed by
GC-MS before and after the Hz treatment and phenanthrene
and pyrene were the main species before Hz treatment. After
Hz treatment, phenanthrene and pyrene were significantly
reduced and light aromatics increased [16]. These results indi-
cate that heavy aromatics are more active and hydrogenated
much easier. In a study on the regeneration of a Co/Mo hy-
drodesulfurization catalyst, Snape et al. [138] distinguished the
coke as soft and hard coke, and found that hard coke could be
partially removed under a pressure of 15 MPa and a tempera-
ture of 500 °C. Weitkamp et al. [127,139] studied the influence
of temperature and hydrogen pressure on the regeneration of a
spent Pt (0.4%)/La-Y catalyst used for isobutane/butane alkyl-
ation. They observed that, as coke content decreased from 3 to
0.2 wt%, catalyst activity was fully restored under a hydrogen
pressure of 15 bar and temperatures of up to 300 °C. As shown
in Fig. 11, both the conversion and the product composition
were virtually identical after four alkylation and regeneration
cycles, proving that the regeneration efficiency using Hz treat-
ment was sufficient [139].

Pt-based catalysts, widely used for propane dehydrogena-
tion, are rapidly deactivated by coke deposition. Sun et al. [140]
compared the effectiveness of different gases (Hz, Nz, and air)
on the regeneration of coked Pt-based catalysts, and catalysts
regenerated with Hz demonstrated the best stability. It was
observed that not only the harder coke was removed, but also
the H/C ratio of the residual coke increased, which was in
agreement with previous work [26,29]. For the regeneration of
coked cresol deoxygenation Pt/y-Al203 catalysts, Zanuttini et al.
[141] confirmed the effectiveness of Hz treatment was strongly
depended on temperature.

The efficiency of Hz regeneration for coked Mo/HZSM-5 cat-
alysts used for methane dehydroaromatization (MDA) should
be emphasized, because the coke could be transformed to CHs
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Fig. 11. Several alkylation/regeneration cycles of 0.4% Pt/La-Y zeolite.
The alkylation reaction was conducted for 7 h at 75 °C and 20 bar in a
fixed bed reactor. The regeneration was carried out for 7.25 h at a hy-
drogen pressure of 15 bar and 300 °C [139], Copyright (2004) Elsevier.

[142-144]. Moreover, at a certain reaction temperature, coke
could be hydrogenated with Hz [145]. Honda et al. [142] con-
ducted a series of switching experiments with CHs-reaction and
Hz-regeneration cycles over a (3 wt%) Mo/HZSM-5 catalyst at
700 °C in a fixed bed. They discovered that coke formed during
the reaction could be removed under Hz atmosphere, and con-
sequently the catalytic activity was completely recovered. The
long-term stability (> 1000 h) of Mo/HZSM-5 catalysts in MDA
reactions with periodic CH4-Hz switching at 760-800 °C was
reported by Sun et al. [146]. They showed that the regeneration
with Hz could effectively remove the almost inert aromatic-type
coke, which might be applied to practical processes [146]. Xu et
al. proposed the tripled-bed [147] and two-bed [148] circulat-
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Fig. 12. A schematic of the CHs-reacton/Hz-regeneration fluidized bed
system. This system consists of two fluidized bed reactors, a cyclone
separator, a catalyst feeder, and an on-line GC system. The CHs-reaction
VHSV was 3600 mL/(h-g) and the Hz-regeneration VHSV was 900
mL/(h-g). Reaction temperature and regeneration temperature were
both 800 °C, catalyst circulation speed was 9 g/min [144], Copyright
(2018) Elsevier.
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Table 2

Coke removal with different regeneration gases.

Regeneration gas Heat effect Temperature (°C) Pressure Gas product Challenges

Air/0: Exothermic >500 Atmospheric C02/CO/H20 Hot spots and CO2 emission
03/NOx Exothermic 50-400 Atmospheric CO2 /H20/NOx Harmful gases and CO; emission
CO2 Endothermic >700 Atmospheric co High temperature
H20(g) Endothermic >700 Atmospheric CO/H: High temperature

Hz Exothermic >700 Elevated pressure CHa4 High temperature or pressure

ing fluidized bed system, serving as CHs converter and Hz re-
generator. Yan et al. [144] developed a pilot-scale CHs-reaction
and Hz-regeneration fluidized bed system (Fig. 12) and demon-
strated with 8-h continuous tests that the catalyst activity was
stable throughout the entire experimental period.

In summary, deactivated catalysts can be regenerated with
Hz and internal coke located near acid sites is preferentially
removed. This could improve the coke-induced selectivity of
HZSM-5 catalysts [132]. However, the complete removal of
coke with Hz needs severe operating conditions, such as high
pressure and/or high temperature.

Although the coke deposited on catalysts can be removed
via oxidation, gasification and hydrogenation, air is typically
used in industrial processes to regenerate deactivated cata-
lysts, because moderate regeneration temperatures can be
applied. Ozone and oxynitride can lower the regeneration
temperature, but they are harmful gases and their emissions
are strictly controlled. Coke gasification with carbon dioxide or
steam can transform the low-value coke into value-added syn-
gas and simultaneously reduce the carbon dioxide emission.
However, coke gasification is a highly endothermic reaction,
which needs high temperatures that may destroy the catalyst
structure. Coke can also be removed with hydrogen at high
temperatures or pressures. The characteristics and challenges
of these regeneration methods are summarized in Table 2.

4. Conclusions and outlook

Coke deposition is inevitable in catalytic processes and can
eventually lead to catalyst deactivation. Therefore, regenera-
tion processes are necessary to restore catalyst activity and to
ensure continuous operation in industrial processes. In this
review, the current progress of regeneration methods such as
oxidation (air, ozone and oxynitride), gasification (carbon di-
oxide and water steam) and hydrogenation (hydrogen) is re-
viewed, to indicate how catalysts and their related processes
can be further optimized. Catalyst type, coke property and loca-
tion are important parameters that affect catalyst regeneration.
Metal addition can significantly increase the regeneration ac-
tivity of certain methods. However, metals can also act as poi-
sons and lead to catalyst deactivation at higher temperatures.
Although significant progress has been made in catalyst regen-
eration, it is worth to further study and develop optimal meth-
ods for coke removal. Future research might include: (1) in-
trinsic regeneration kinetics that consider the catalytic active
sites, (2) the synthesis of catalysts with excellent thermal and
hydrothermal stability, and coke removal with carbon dioxide

and water steam gasification at high temperature, (3) additive
addition (metals) to lower the regeneration temperature,
which might also cause catalyst deactivation (the role of addi-
tives should be further studied), (4) catalytic processes with
partial regeneration that not only increase carbon utilization,
but also improve product selectivity. Stability of partially re-
generated catalysts after repeated reaction-regeneration cycles
should attract a great deal of attention. There is no doubt that
co-feeding regeneration agents (water and hydrogen) can re-
duce coke to some extent and prolong catalyst lifetime. Since
regeneration temperatures are always higher than reaction
temperatures, coke formation rates are always greater than
coke removal rates during catalytic processes, eventually caus-
ing catalyst deactivation. If regeneration temperatures can ef-
fectively be reduced, or whether a balance between coke for-
mation rate and removal rate can be realized is debatable. If it
can be performed, we could realize an advanced catalytic pro-
cess without catalyst deactivation. Therefore, improving coking
resistance and increasing coke-removing activity of catalysts
remain challenges to be solved by both academia and industry.
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