
Vol:.(1234567890)

Catalysis Surveys from Asia (2019) 23:290–310
https://doi.org/10.1007/s10563-019-09286-0

1 3

Role of Cobalt Oxide‑Based Catalysts for Styrene Production: A Review 
on Significance of Various Promoters, Calcination Temperature, 
Chemical Behavior of Support Materials and Synthesis Procedure

Venkata Rao Madduluri1 · Kamaraju Seetha Rama Rao1

Published online: 8 August 2019 
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
The direct CO2 oxidative dehydrogenation of ethyl benzene (ODH-EB) is a great potential for the production of valuable 
styrene monomer. In contrast, past/present styrene (ST) synthesis is mainly obtained from oxidative dehydrogenation of ethyl 
benzene (EB) and being transformed into pilot scale under CO2 atmosphere. It was due to few unresolved restrictions existed 
in the synthesis of styrene monomer using the steam assisted process and commercial ST production technology. These 
problems are being rectified by ODH-EB process using CO2 as a soft oxidant. Therefore, ODH of EB is well-known high 
temperature process to convert the EB (petroleum by product) into valuable ST monomer through the utilizing of CO2. Present 
study clearly explains the concise history of dehydrogenation process used to convert EB to ST monomer, which is essential 
feedstock in the wide range of industrial commodities production. In this discussion we majorly devoted to design, develop-
ment and synthesis of different Co based catalysts by applying different support materials such as SiO2, MgO, MgAl2O4 and 
γ-Al2O3 respectively. Moreover, this study extensively deals with chemical behavior of oxidants, utilization of viable active 
promoters and its characteristics features in the oxidative dehydrogenation process. Different reaction mechanisms in the 
ODH of EB process to describe CO2 utilization as well as surface styrene monomer formation and evaluation of other by 
products were discussed widely in this review paper. The surface acidic and basic chemistry of various support materials, 
its preparation, utilization and its catalytic activity applications have been discussed. Acidic–basic textural properties of dif-
ferent solid oxide support materials have been extensively illustrated through incorporation of variety active metallic oxide 
and promoters. The catalyst activity evaluation in ODH of EB process as well as plausible reaction mechanism of styrene 
monomer formation has been explained.
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Abbreviations
ODH	� Oxidative dehydrogenation
EB	� Ethyl benzene
ST	� Styrene
TOL	� Toluene
BZ	� Benzene
RWGSR	� Reverse water gas shift 

reaction
Dehydrogenation oxidants	� N2, He and Ar
Soft oxidants	� CO2, O2, N2O and SO2
Steam	� Water vapor
CA	� Co3O4/γ-Al2O3
CMA	� Co3O4/MgAl2O4
LA	� La3O3/γ-Al2O3
LCA	� La3O3/Co3O4/Al2O3
MA	� MgAl2O4
CM	� Co3O4/MgO
CS	� Co3O4/SiO2
COK	� 12-Centrum voor Oppervlak-

techemie & Katalyse
XMA	� X denotes the calcination 

temperature of MgAl2O4 
spinel like 600MA, 700MA, 
800MA and 900MA 
respectively

1  Introduction

Styrene (ST) manufacture is one of the economical impor-
tance methods of oxidative dehydrogenation of ethyl ben-
zene (EB). It was supposed to be due to no other process 
cannot produce desired ST yields for wide range of industrial 
requirements. Therefore, desired ST monomer obtained from 
EB dehydrogenation using the existed and new developed 
commercial methods [1]. Typically, ST synthesis was devel-
oped in the 1930 s by BASF and Dow Chemical companies. 
Over 25 × 106 tons/year of ST chemical is being produced 
globally [2]. The annual production of ST in the U.S.A. 
approximately exceeds 6 × 106 tons and emerged as one of 
the largest ST producers [3]. Oxidative dehydrogenation of 
EB is one of most important commercial process for produc-
tion of ST, which is promised for ~ 80–90% of the commer-
cial production [4]. The K-promoted Fe2O3 solid oxides have 
been widely functional for ST generation [5]. The average 
potential of ST production plants is beyond 100 thousand 
metric tons per year and plants which have an ability of 4 
lakh metric ton per year is not remarkable [6]. Evidently, 
a little development in the plant operation results in con-
siderable increase in outcome of useful products. However, 
the research towards the basic kinetic modeling depends on 
Hougen–Watson theory which is not much taking into con-
sideration by several ST synthesized and research groups. 

They depend on the empirical polynomial correlations for 
the unit optimization [7–9]. The reaction rates were inves-
tigated by most of the reviews were not important but effi-
cient [10, 11]. The fundamental kinetic behavior depends 
on basic ideas those were typically needed for regulation 
of different reactor configurations with numerous reaction 
operation conditions. It was essential to build up the precise 
kinetic representation for the large-scale ST production and 
to explore the influence of operating procedure on the fixed 
bed industrial reactors. Moreover, competent side reactions 
are being emerged in EB dehydrogenation like ST as major 
product along with side products of benzene and toluene 
respectively.

The exploration of the kinetic action of minor by-prod-
ucts, such as phenyl acetylene and α-methyl styrene etc., is 
also important in terms of the styrene chemical quality and 
separation cost of the outcome products. During the decades, 
there have been several developments in ST manufacture, 
because of essential requirement in wide range of industrial 
applications. Hence, few scientific groups were devoted to 
ST synthesis through different possible routes with low cost 
production and energy requirements. Thereby, one of the 
steam assisted process was evaluated in ST manufacture, 
but it considerably needs high temperature and an elevated 
energy requirements [12]. Moreover, this process has few 
other disadvantages like easy catalyst deactivation, therefore 
presently not being widely used in ST manufacture. Later, 
it has been modified to variety of commercial methods such 
as adiabatic and isothermal reactors which were applied in 
manufacture of high ST yields through viable reaction con-
ditions. All these processes are being operated under high 
temperature conditions and much expensive.

In these circumstances, several research groups are 
exploring new alternative methods to develop unique ST 
produced methods and applications in ST manufacture with 
better yields. Thus, present trend majorly deals with CO2 
as soft oxidant in ST synthesis using EB as raw material 
at viable reaction conditions. Moreover, this process miti-
gates some extent global warming by utilization of CO2 as 
oxidant in significant levels. Present, this process operating 
at small scale levels and being transformed into pilot scale 
due to huge ST monomer requirement in production of dif-
ferent useful commodities. Therefore, this process emerged 
as an attractive method and alternative route in synthesis of 
desired ST yields. Till date this method has not been com-
mercialized, but nowadays widely being tested for labora-
tory scale ST production and applying towards pilot scale 
level at Samsung General Chemicals Co., Ltd. (SGC) [13]. 
Hence, it needs to be commercialized by applying CO2 as 
soft oxidant in ST production compared to other oxidants. In 
this context, several solid oxides and metal-based materials 
are applied and displayed better activity results, but present 
review merely committed to variety of active cobalt oxide 
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phase on different support materials. This is supposed to be 
due to unusual catalytic properties and high thermal stability 
of cobalt oxide species in Fischer–Tropsch synthesis (FTS) 
and several other useful catalytic transformations [14–20].

In recent years, several cobalt based materials emerged as 
active catalysts for oxidative dehydrogenation process under 
influence of CO2 environment along with other oxidants. As 
a result, beneficial activity results were afforded in terms of 
high ST yields as well as prolonged activity measurements. 
Amongst few cobalt based materials such as Co/Al pillared 
catalysts [21], Co/natural pillard and Co/Al pillard catalysts 
[22], CoFeSi, NiFeSi and FeSi [23], Co3Mo3N [24], Co/
COK-12 [25], Co and Ni carbon nanotube catalysts [26] 
were displayed a promised activity result in EB dehydro-
genation. In the present review, we have focused merely on 
various supported cobalt oxide catalysts, which are promot-
ing potential catalytic activity for dehydrogenation process 
to obtain sustained activity accomplishment in terms of high 
ST yields. Moreover, active role of different promoter spe-
cies in selective product distribution and catalyst prepara-
tion methods aspects have been thoroughly investigated. The 
product selectivity varied by varying the support materials 
acidic–basic atmosphere and some extent depends on surface 
area, these textural properties noticeably regulates the evalu-
ation of desired product outcome along with other possible 
side products. A dramatic role of CO2 dissociation on acidic 
and basic oxide moieties are comprehensively investigated 
in the oxidative dehydrogenation process. Amongst all cata-
lysts, thus Co doped MA catalysts were synthesized by in-
situ co-precipitation method and displayed a remarkable role 
in EB dehydrogenation process. Furthermore, these catalysts 
were obviously better than Co/MgAl2O4 catalysts prepared 
by wetness-impregnated method and few reported Co based 
catalysts, with respect to prolonged product selectivity. This 

type of spinel oxide materials not yet extensively employed 
for styrene production in the presence of different oxidants 
(CO2 and O2, He, N2O, Ar and N2).

In addition, different calcination temperatures of MA 
materials were synthesized by wetness-impregnation method 
and applied for oxidative dehydrogenation reactions with 
Co oxide as active species. In this discussion neither high 
heating temperature of MA spinels nor mild temperature 
cobalt supported MA spinel based catalysts were suitable 
in dehydrogenation reaction. Herein, La doped Co oxide/γ-
Al2O3 materials also applied in styrene monomer manufac-
ture, which were apparently better than bare Co/γ-Al2O3 
species. On the other words, Co/MgO and Co/SiO2 mixed 
oxide catalysts were employed for dehydrogenation of EB, 
although activity mostly depends on surface acidic–basic 
atmosphere and few other textural properties of the catalysts. 
All these oxide materials were exhibited different catalytic 
active species in the reaction environment, meanwhile evalu-
ated a crucial role in getting sustained activity results.

1.1 � Types of Dehydrogenation Reactions and Other 
Methods in Styrene Synthesis

There are different types of styrene production paths 
amongst major reactions were, commercial methods, oxi-
dative dehydrogenation and normal dehydrogenation except 
steam assisted synthesis as described in Fig. 1. The active 
metals like Cr, Fe, Mn, Ce, Pd, Ru, and V on different sup-
ported materials were typically related to EB dehydroge-
nation reaction [27–33]. Generally, ODH reaction being 
performed under influence of several oxidants such as O2, 
SO2, N2O, and CO2, while normal dehydrogenation investi-
gated by using N2, He and Ar as inert atmosphere over sev-
eral transitions and other metal doped solid oxide catalysts 

Fig. 1   Styrene production in 
commercial methods
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[34–36]. Amongst all oxidants CO2 displayed a dramatic role 
in getting high ST production, which is based on removal of 
H2 via RWGSR phenomenon. Hence present and reported 
reviews majorly related with CO2 as suitable diluent for high 
EB conversion than other normal oxidants and other several 
oxidants role. The different surface textural properties of the 
catalysts, such as acidic–basic character, oxidation proper-
ties and extent of metal-support interaction determines vital 
role in larger fraction of ST production. Synthesis of solid 
oxide catalysts possessed suitable acidic–basic support 
materials and sustained catalytic properties are interesting 
and challenging job. It is useful to explore the nature of 
active metallic species present on variety of support materi-
als in terms of oxidation characteristics, active metal ions 
dispersion and metal-support interactions.

1.2 � Role of Steaming in the Ethyl Benzene 
Dehydrogenation

Steam is appearing in excess quantity in the ST production 
process. Over the years, immense hard work had done to 
control the steam/hydrocarbon ratio to molar values lower 
than 6, basically through significant changes in active spe-
cies composition. As increase in styrene/hydrocarbon ration 
increase in styrene synthesis along with efficiency of the 
catalyst. There are few advantages using steam are: (1) steam 
mostly facilitate a desired heat for reaction operation condi-
tions, (2) steam acts as beneficial medium for high equilib-
rium forward reaction, by decreasing the partial pressure of 
reactants like EB and H2, (3) steam significantly removes 
the deposited carbon through considerable gasification reac-
tion. Remarkable influence of steam on the catalytic poten-
tial was widely investigated by Coulter et al. [37]. They have 
determined that decrease in carbon deposition with raising 
H2O/EB molar ratio and that H2O/EB molar ratio of three 
was suitable to regulate the accumulated carbon on catalyst 
surface, at the same time significant enhancement investi-
gated in the catalytic activity presentation. Even though, few 
drawbacks are existed in steam assisted process such as high 
reaction temperature, facile catalyst deactivation and lesser 

styrene production yields. There must be several require-
ments in replacement of steam as diluents in prolonged ST 
manufacture. Herein, some of the representative commercial 
catalytic active materials are illustrated in Table 1.

1.3 � Deactivation Phenomenon in Ethyl Benzene 
Dehydrogenation

Both the catalytic surface texture and dehydrogenation method 
have been improving over the years. Though, the relocation of 
active K promoter and its elimination from the catalytic atmos-
phere catalyst still remain as major problems [50]. In adiabatic 
method active K species are mostly volatile and moves in the 
stream of liquid flow during the course of catalytic test. In case 
of small scale, K migrates from the reactor external surface 
into core of each pellet in the catalyst owing to temperature 
gradient results in endothermic nature of the reaction [51]. 
This relocation and disappearance of active K species leads 
to adverse change in catalytic activity potential and mechani-
cal stability. Muhler et al. extensively investigated that the H2 
as co-product in the reaction which can reduces the active 
species of the catalyst into magnetite phase. If these types of 
phases are appeared in the catalyst obviously leads to instant 
formation of segregated phases in the catalytic atmosphere. 
As a result, it was investigated that the accumulation of an 
excessive K-core and lesser K-shell in the reaction atmosphere. 
Moreover, noteworthy leaching of basic K-promoter in the cat-
alytic environment leads to increase in surface acidic nature. 
Thereby, afforded mild ST chemical selectivity, it was consid-
erably due to larger fraction of EB molecules dissociation into 
particularly BZ and TOL along with oxidative side-products. 
With increased K-content increase in catalyst deactivation 
due to noticeable moisture content emerged in the catalytic 
atmosphere [52]. Therefore, catalyst can easily transform into 
different unusual phases which are typically decreases the 
catalytic activity staidness. The significant decrease in pres-
sure drop of the reactor atmosphere leads to smooth deteriora-
tion of the catalytic activity efficiency. Moreover, considerable 
reduction of Fe2O3 to Fe3O4 phase results in severe changes 
in internal textural properties of the active species, thus leads 

Table 1   Summary of the 
commercial catalysts

Catalyst Activation energy (kJ/mol)

Styrene Benzene Toluene References

Fe-K 126.0 152.0 213.8 [38]
Fe-K-Cr-Mg 111.7 132.72 215.5 [39]
Commercial Fe oxide 90.9 207.9 91.5 [40]
Commercial Fe oxide (Sud-Chemie) 158.6 114.2 208.6 [41]
Commercial Fe oxide 101.2 139.4 131.5 [42]
Commercial Fe oxide (Shell 105) 191.7 212.7 91.2 [43–45]
Commercial Fe-Cr (KMS-1) 193.6 205.4 252.0 [46, 47]
Commercial Fe oxide (Shell 105) 276.8 314.6 167.6 [48, 49]
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to adverse physical strength and vulnerability to deprivation 
by association with H2O at low temperature conditions. Del-
linger et al. [52], investigated that the doping of Na and Ca 
fraction to Fe oxide increase the stability of the active species. 
In this circumstance, several active solid oxides, zeolite mate-
rials, reactor developments like palladium membrane reac-
tor, onion-type carbon materials, iron-zeolite species, role of 
reverse water gas shift reaction phenomenon and mesoporous 
catalysts are existed and employed for EB dehydrogenation 
reaction [88–105]. For that reason, several research groups are 
exploring for sustained catalytic active species in beneficial 
ST yields. As a result, present review focused on highly active 
cobalt oxide based catalytic active species design, develop-
ment, preparation and application in the oxidative dehydroge-
nation reaction at viable reaction conditions.

1.3.1 � Significance of Oxidative Dehydrogenation Process

The ODH of EB is unique route for ST manufacture in com-
parison to steam assisted and dehydrogenation process in 
small scale methods. In case of EB dehydrogenation reac-
tion CO2 played a promising role in getting beneficial ST 
yields owing to elevated equilibrium conditions. Moreover, 
decreases the partial pressure of input reactants and energy 
requirements using CO2 as active diluents. In contrast, steam 
assisted processes extensively needs an elevated operation 
temperature with noticeable catalyst deactivation through 
leaching of active metallic species and significant coke accu-
mulation properties. In similar way, normal dehydrogena-
tion procedure merely operated under influence of numerous 
mild oxidants with marginal catalytic activity accomplish-
ment; owing to absence of RWGSR phenomenon. As we 
know, styrene yields are obviously higher under CO2 atmos-
pheric reaction conditions compared to steam assisted and 
normal dehydrogenation process. Other than, oxidative 
dehydrogenation procedure there are several other methods 
widely applied and employed in ST monomer manufacture. 
Amongst, 1-phenylethanol dehydration in liquid and vapor 
phase conditions afforded a mild styrene yields, even though, 
this method has not been preferable than oxidative dehydro-
genation method. Moreover, 1-phenylethanol dehydration 
process is obviously expensive and cannot sustain a desired 
ST monomer synthesis for prolonged activity measurements 
even though reaction operated at mild temperatures [53–57].

2 � Characteristics of Dehydrogenation 
Reactions

2.1 � Steam Assisted Process

Steam assisted process is not much using mostly in now-
adays because of existence of several drawbacks which 

cannot be controlled in significant levels. The regulation of 
this process is also very difficult than those of normal dehy-
drogenation and oxidative dehydrogenation process. Dur-
ing the reaction active species deterioration was also much 
considerable due to moisture fraction emerged in the reac-
tion environment. Thus, apparently leads to instant catalyst 
deactivation at elevated reaction temperatures. Moreover, it 
has been investigated that the significant leaching of active 
K-promoter from the surface of the catalyst during steam 
assisted method [58].

2.2 � Dehydrogenation

In normal dehydrogenation process ST monomer synthesis 
mostly obtained by utilization of different mild oxidants like 
N2, He, N2O and Ar respectively [36]. The ST manufacture 
reaction is endothermic in nature and typically needed an 
elevated temperature due to high partial pressure of reactants 
(N2 and EB). While using mild oxidants a marginal activity 
results are investigated owing to inferior latent heat during 
the course of reaction. Higher fraction of oxidative prod-
ucts (benzene, toluene, and few gaseous products) is also 
afforded under influence of mild oxidants and decreases the 
desired ST selectivity. The normal ST production method 
could not sustain a beneficial activity results with mild oxi-
dants in the reaction operating conditions.

2.3 � Oxidative Dehydrogenation

The ODH is a unique procedure for outstanding styrene pro-
duction in presence of inferior temperature reaction condi-
tions. In present discussion, this method emerged as benefi-
cial styrene production in laboratory scale when compared 
to conventionally existed process. It was due to maximum 
CO2 molecules utilization which major contribution in severe 
environmental hazardous during the decades and presently too 
[59]. This, ODH process some extent diminish the environ-
mental hazardous by utilizing CO2 as active diluent in several 
catalytic conversions. In addition, this process appreciably 
minimizes the energy requirements for ODH with beneficial 
products yields in synthesis of numerous useful commodi-
ties. Thereby, many scientific people are much interested in 
exploitation of carbon dioxide as beneficial diluent than those 
of several mild oxidants over variety of active solid oxide 
catalysts. Till date there are different oxidants are extensively 
applied for dehydrogenation method with marginal desired 
product yields. Amongst all oxidants, O2 majorly facilitated 
an adverse dissociation of EB molecules into unwanted COX 
products. Thereby, oxidant like O2 did not attain remarkable 
activity steadiness in production of ST monomer, even though 
reaction operated at inferior reaction conditions (< 600 °C) 
[34, 60]. While using N2O as oxidant, no significant ST yields 
are achieved owing to steep oxidation of EB molecules into 
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different by products like benzene and toluene respectively 
[61]. On the other hand, SO2 atmosphere facilitated an adverse 
environment on active surface of solid oxide catalysts subse-
quently stayed at mild ST yields, as well as existed few difficul-
ties in operation conditions [62].

3 � Types of Commercial Reactor Technologies 
in Dehydrogenation Process

More than 75–85% of styrene manufacture has been 
achieved by applying the multiple adiabatic reactor and sin-
gle reactor with separate beds. The heat needed for isother-
mal dehydrogenation was supplied by fired heater at 760 °C, 
and steam to EB weight ratio probably about 1 and steam 
temperatures are high compared to adiabatic process. Both 
isothermal processes have advantages in desired styrene 
fraction and minimize of steam cost [1, 63–65, 101].

4 � Plausible Reaction Mechanism 
for Synthesis of Styrene Monomer

Styrene production mechanism varied by utilization of 
several acidic and basic textures of the catalytic materi-
als, which are crucial requirement in regulation of ST 
product selectivity. Based on surface acidity of the cata-
lyst, thus noticeable ST production obviously contrasts to 
basic properties of the active oxides and supported species. 
Strong acidic oxide catalysts are majorly willing to exces-
sive dissociation/and more activation of EB’s C–C bonds 
rather than C–H bonds, leads to requirement of elevated 
activation energy [60]. Therefore, strong acidic behavior 
of applied catalytic materials is competently achieving ST, 
Bz and TOL as possible products during the activity meas-
urements. Moreover, unwanted gaseous molecules are also 
existed because of over oxidation or disorder cracking of 
EB molecules. In contrast, basic nature of the catalysts are 
mostly favor towards dissociation of C–H bonds rather than 
C–C bonds due to low activation energy requirements but 
EB conversion was very low as depicted in Fig. 2. The basic 
textural properties of the catalytic active materials are some 
extent enhances the efficient interface between stream of EB 
molecules and nascent O species which are generated from 
prompt dissociation of CO2 molecules. Hence, elevated ST 
selectivity along with marginal by-products contribution was 
achieved on basic behavior of the catalytic species [13].

4.1 � Types of Plausible Mechanisms on Acidic Sites 
of γ‑Al2O3 in EB Dehydrogenation

Herein, γ-Al2O3 is an essential acidic support for ST man-
ufacture in presence of variety of mild and soft oxidants 
like N2, N2O, Ar, He and CO2, which are clearly discussed 
in the above section. Therefore, the activity result on mild 

oxidants leads to mild ST yields which quite opposite to soft 
oxidant CO2 molecules. The mild oxidants merely facilitate 
the undesired products yields along with noticeable carbon 
deposition during the catalytic activity test. This is because 
of absence of RWGSR phenomenon when mild oxidants 
used as active medium in EB dehydrogenation reaction, 
meanwhile high partial pressures of reactant molecules have 
been observed (EB and mild oxidant species, N2, N2O, Ar, 
and He). Moreover, mild oxidants and other oxidants (except 
CO2) majorly offer C–C bond activation rather than C–H 
bond activation leads to mild ST selectivity. Herein, γ-Al2O3 
used as acidic support which results in competent formation 
of ST, BZ and Toluene as outcome products during oxidative 
dehydrogenation. Based on inferior ST selectivity we specu-
lated that there might be strong interactions between stream 
of EB molecules and Lewis acidic sites possessed γ-Al2O3 
species. According to different products evaluation in the 
EB dehydrogenation process, we tentatively proposed three 
possible reaction path ways on surface of γ-Al2O3 material 
as depicted in Figs. 3, 4 and 5.

4.2 � General Reaction Mechanism of EB Oxidative 
Dehydrogenation Through the CO2 Flow

ST synthesis is a surface dehydrogenation reaction which is 
association between EB stream and CO2 molecules on applied 
catalytic active materials. First, desired styrene monomer from 
ethyl benzene obtained through removal of molecular H2 mol-
ecules. This styrene monomer was subsequently transformed 
to yield plausible side products like Bz and TOL as described 
above. It was due to consecutive oxidative or non-oxidative 
chemical transformations are emerged in dehydrogenation sys-
tem. Thereby, producing desired products along with unwanted 

Fig. 2   General dehydrogenation of EB on basic sites of the catalyst in 
CO2 flow
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products as mentioned above. Reactions (1) to (3) summa-
rize the typical forms of the transformations are observed 
and investigated in dehydrogenation process. Styrene is one 
of the most important products in dehydrogenation reaction 
than those of BZ and TOL. The produced styrene from Eq. (1) 
is mainly aromatic unsaturated hydrocarbons; while Eqs. (2) 
and (3) are represent the plausible reaction products which are 
oxygenated products obtained from excessive cracking of EB 
as illustrated in Figs. 3, 4 and 5.

(1)EB → Styrene + H2

Regardless of the reaction’s parameters, mostly dehy-
drogenation mechanisms are based on ability of active 
metallic elements of the applied materials to dissociative 
chemisorbed carbon dioxide molecules. The mechanisms of 
dehydrogenation method had encouraged several chemists 
in the past [13]. The description of the complex reaction 
networks could describe the existence of carbon–carbon 
(C=C) double bonds, in catalytic reaction of EB and how 
subsequently the styrene synthesis proceeds. These investi-
gations explain a comprehensive surface dehydrogenation 
reaction which could improve the design of active catalytic 
materials in the present and future experiments. Different 
mechanisms based on different intermediates were proposed 
to govern the consecutive dehydrogenation reactions. Dif-
ferent mechanisms are promised based on outcome of the 
products in normal dehydrogenation, oxidative dehydroge-
nation and steam assisted process. Herein, we are clearly 
illustrated that the dehydrogenation mechanisms in presence 
of CO2 flow through three different steps (initiation, propa-
gation and chain termination steps in Figs. 6, 7 and 8). The 
mechanisms differ with the evaluation of desired chemicals 
and paths that the surface reactions govern which is con-
verted to the proposed products. In oxidative dehydrogena-
tion mechanism, adsorption of CO2 on active catalyst surface 
initiates the ST production. The first step results in the active 
metal species (M) being absorbed by stream of reactant and 
gaseous carbon dioxide molecules. The CO2 gaseous stream 
was chemisorbed initially in a bridge mode involving two 
surface acid or base texture of the active catalytic material 
and also equilibrated in the form of linear mode linking only 
one site of the active catalytic species. The O=C=O bond 
is subsequently dissociated into CO and nascent O species. 
Hydrogen as another co-product generated from EB dehy-
drogenation via activation of acid or base sites of the applied 
catalytic materials, then H2 is promptly associated with nas-
cent O species generated from decompose of carbon dioxide 
molecules in the propagation step. While it is the situation 

(2)EB → Toluene +Methane

(3)EB → Benzene + EthyleneFig. 3   ST formation from EB dehydrogenation in CO2 flow on alu-
mina catalyst

Fig. 4   Toluene formation from EB dehydrogenation in CO2 flow on 
alumina catalyst

Fig. 5   Benzene formation from EB dehydrogenation in CO2 flow on 
alumina catalyst

Fig. 6   Initiation of EB and CO2 molecules on surface of the catalyst
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that CO2 majorly chemical adsorbed on acid or base moieties 
of catalytic materials for maximum dissociation into CO and 
nascent O species. At end of the reaction ST was major prod-
uct, meanwhile CO and H2O emerged as by-products then 
reaction terminated by forward equilibrium phenomenon as 
mentioned in above Figs. 6, 7 and 8.

4.3 � Product Distribution in EB Dehydrogenation 
in Presence of O2 and N2O Flow

The dehydrogenation reaction under influence of O2 and 
N2O flow significantly results in formation of variety of 
possible products like toluene, benzene, and few gaseous 
specious as shown in Fig. 9. It has been investigated that 
oxidant O2 mostly promised for excessive dissociation of 
EB molecules at elevated energy requirements. Hence, 
oxidant O2 and N2O cannot regulate the desired product 
formation rather than undesired products yields. Moreover, 

high cost requirements and special reaction condition 
needed for O2 and N2O oxidants for EB dehydrogenation 
reaction as illustrated in Fig. 9. Based on few above unde-
sired catalytic representation and severe reaction opera-
tional conditions, many of scientific people are not much 
willing to perform dehydrogenation process using O2 and 
N2O as oxidants. A research group investigated that mild 
ST fraction afforded under influence of O2 oxidant over 
ceria HT catalysts [36]. Therefore, till date few EB dehy-
drogenation reports are existed using the O2 oxidant thus 
leads to mild desired product yield.

In this discussion two types of reaction paths are 
majorly emerged in laboratory scale in the presence of 
mild oxidants like N2, O2, He, Ar, N2O and soft oxidant 
CO2 flow [34–36]. Under influence of N2 atmosphere 
merely normal EB dehydrogenation reaction has been 
investigated, due to absence of nascent oxygen species 
which are great requirement in RWGSR phenomenon. 
Moreover, N2 environment facilitates significant fraction 
of EB’s C–C bond dissociation phenomenon rather than 
scissoring of C–H bond. As s result, N2 flow promptly 
responsible for higher cracking of EB molecules subse-
quently yielded considerable fraction of undesired side 
products like BZ and TOL molecules when compared to 
desired ST product. By contrast CO2 atmosphere diminish 
the excessive cracking of EB molecules by supplying nas-
cent O species and explained in Figs. 6, 7 and 8. Moreover, 
under influence of CO2 environment the dehydrogenation 
process considerably better in small scale methods than 
existed conventional methods in view of the energy sav-
ing and experimental conditions. It was apparently due 
to evaluation of RWGSR phenomenon thus noticeably 
enhances EB conversion and ST selectivity. In contrast 
dehydrogenation reaction under influence of N2, He, Ar, 
and O2 atmosphere no considerable enhancement investi-
gated in high ST production. While using these oxidants, 
it was observed that an excessive dissociation of EB 
molecules into various possible oxygenated products, if 
catalytic materials possessed an excessive surface acidic 
texture. In conclusion CO2 environment mostly diminishes 
an adverse dissociation of EB molecules due to selective 
styrene production through release of nascent O species 
with selective activation of C–H bonds on EB molecules.

Fig. 7   Propagation step of EB and CO2 molecules on surface of the 
catalyst

Fig. 8   Termination step of EB and CO2 molecules on surface of the 
catalyst

Fig. 9   EB dehydrogenation 
in O2 and N2O oxidants over 
alumina material
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5 � Co Based Catalysts and Its Significance 
in Dehydrogenation of EB Reaction

5.1 � Co/Al Pillared Catalysts

Moronta et al. studied the dehydrogenation process over 
Co-Mo assisted oxide and metallic mono and bimetallic 
active moieties on natural and Al-pillared clays. The unde-
sired surface area textural properties were observed in all 
catalysts, consequently adverse distribution of beneficial 
Co-Mo species. Moreover, undesired dehydrogenation was 
afforded by using calcined Co oxides on pillared catalytic 
active species. The monometallic Co oxide stayed at mild 
EB conversions while Mo samples are more preferable for 
superior catalytic activity efficiency. The inferior catalytic 
activity accomplishment obtained from cobalt species by 
utilization of cobalt chloride as raw material that generates 
residual Cl−1 ions and masking the active surface Co sites. 
On the other words, analogous activity representations are 
obtained for Co active species in metallic and oxide forms 
along with weakening of the catalytic efficiency. In case of 
Mo catalysts, the reduced form displayed a superior cata-
lytic activity behavior than its oxide counterpart catalysts. 
In the latter case, the oxygen species from the solid metal 
oxide could favor towards activation of EB molecules to 
give molecular H2 abstraction, which combine with nas-
cent O species towards production of H2O molecules along 
with higher fraction of ST monomer. While in the presence 
of reduced catalysts, EB interacts with active metallic sites 
to form metal-hydride interactions during reaction, sub-
sequently production of molecular H2 and ST monomer. 
Regarding the type of clay used, the Mo embedded Al-pil-
lared clay claimed higher conversion in comparison with 
Mo oxide possessed natural clay. It was due to some extent 
accessible surface area generated by Al-pillared materials 
which highly responsible for an improved Mo species dis-
tribution. The mild activity efficiency has been achieved 
on Co active species because of disorder alignment of Co 
oxide particles. In case of bimetallic catalysts, beneficial 
activity measurements are afforded using Al-clay as sup-
port material; however metallic phases are more advantage 
than its oxide ones. With increased cobalt content in the 
catalysts, significant decrease observed in catalytic activ-
ity for styrene production, it was supposed to be due to 
Co species might be blocked by Mo sites; which are in the 
form of isolated manner. The Co catalysts were prepared 
by using Co(NO3)2 precursors were displayed noticeable 
positive results than utilization of Co(CH3COO)2 and Co 
moieties doped natural clays are better useful than that of 
Al clay. The catalysts are synthesized from CoCl2 were 
less active for EB dehydrogenation, which either in metal-
lic or oxide nature. For that reason, it was speculated that 

the residual Cl−1 anions adversely masking the active 
Co-Mo species higher than catalyst obtained from cobalt 
nitrate as precursors [21].

5.2 � Co/Natural Pillard and Co/Al Pillard Based 
Catalysts

Gonzalez and Moronta et al. investigated that the catalytic 
behavior of different pillared clays materials for EB dehydro-
genation. Moreover, they have found that the different cata-
lytic conversions such as dissociation of EB into benzene 
and ethylene as co-products. In other words, transalkylation 
of EB generates diethyl benzene and benzene as side prod-
ucts, and dissociation of ethyl group leads to evaluation of 
toluene and styrene are major products. In this study bet-
ter ST selectivity afforded on natural Co-impregnated clays 
compared to Co doped Al-pillared clay catalysts. Hence, 
natural Co-doped clays are more active for ST production 
than those of Co doped Al-pillared clay catalysts. Regarding 
the impregnation with cobalt nitrate or cobalt acetate, the 
active materials are obtained by acetate salts are represented 
the mild ST selectivity in both natural and pillared forms. 
Based on reported one, CH3COO− ions are mostly hidden 
the active acid sites through high coke accumulation over 
the surface of active species [22].

5.3 � CoFeSi, NiFeSi and FeSi Catalysts

A research group studied the CoFeSi catalysts for high ST 
selectivity; because of remarkable chemical steadiness of 
active phase along with existence of basic sites in reaction 
atmosphere. In contrast, NiFeSi catalyst afforded high car-
bon deposition leads to mild catalytic efficiency, which could 
be due to an inferior CO2 utilization efficiency and signifi-
cant phase change in active species of the catalysts. Moreo-
ver, adverse catalytic activity strength has been emerged in 
FeSi catalyst that implies the formation of Fe3O4 oxide phase 
during the EB dehydrogenation reaction. For that reason, 
despite of high coke deposition on surface of the catalysts, 
ferrites of cobalt catalysts are mostly suitable for high ST 
production. As a function of difference in activity measure-
ments, thus Co possessed ferrite catalysts are prompt for sus-
tained catalytic activity. According to better ST selectivity, 
the balanced acidic–basic sites are needed more than merely 
high acidic catalysts like NiFeSi and FeSi species [23].

5.4 � Co3Mo3N/γ‑Al2O3 Catalysts

Co3Mo3N catalysts have been emerging as active materials 
for dehydrogenation procedure and other catalytic conver-
sion process in this decade. In this discussion, Co3Mo3N 
catalysts are displayed a superior activity for styrene synthe-
sis under influence of CO2 environment because of RWGSR 
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phenomenon. In contrast, N2 atmosphere afforded an inferior 
catalytic presentation through evolution of excessive quan-
tity of NH3. However, dramatic activity measurements are 
accomplished in the presence of CO2 + N2 gaseous mixture, 
because of simultaneous evaluation of RWGSR phenomenon 
and NH3 as co-product. Moreover, using CO2 + N2 gaseous 
atmosphere there could be noticeable diminish in surface 
acid nature of γ-Al2O3 catalyst via clear production of basic 
properties of NH3 molecules, which is played crucial role in 
getting desired ST monomer production [24].

5.5 � Co/COK‑12 (Centrum voor Oppervlaktechemie & 
Katalyse) Catalyst

Our group earlier studied the oxidative dehydrogenation 
reaction over Co doped COK-12 materials. The silica source 
of mesoporous COK-12 material utilized as active support 
for uniform distribution of Co oxide particles. Therefore, 
COK-12 support was most favorable for the production of 
desired EB conversion and ST selectivity [25].

5.6 � Co and Ni Carbon Nanotube Catalysts

Guo et al. thoroughly investigated the ODH of EB reaction 
over Ni and Co doped carbon nanotubes (CNT) in CO2 and 
O2 flow. In this reaction, Co-CNT catalysts are emerged as 
unique catalytic active materials for the production of high 
EB conversion and ST selectivity. It was found that the exist-
ence of Co2–C phases is prominent contribution in getting 
sustained catalytic activity efficiency [26].

6 � Present Reviews Majorly Focused 
on the Following Investigations

6.1 � Introduction of γ‑Al2O3, SiO2, MgO and MgAl2O4 
Spinel as Supporting Materials and Its 
Significance in Dehydrogenation Reaction

Herein, γ-Al2O3 is a versatile material for several catalytic 
transformations, which is possessed sufficient Bronsted and 
Lewis acidic sites for effective interaction with EB and CO2 
molecules. The alumina material synthesis is varied by var-
ying the different parameters like calcination temperature, 
active material synthesis and usage of nitrate precursors. 
There are varieties of Al2O3 phases obtained by applying dif-
ferent calcination temperatures with variety of surface cata-
lytic active properties. Amongst, γ-Al2O3 obviously provides 
sufficient Lewis acidic sites for active conversion of EB 
dehydrogenation under influence of CO2 flow. In contrast, N2 
flow facilitated undesirable activity potential due to prompt 
EB molecules dissociation into coke deposition. In the pres-
ence of CO2 flow, the oxidative dehydrogenation process 

decreases the partial pressure of reactant molecules as a 
result achieved beneficial equilibrium reaction [66]. There-
fore, CO2 environment mostly displayed selective dehydro-
genation product like styrene, compared to N2 atmosphere. 
There are different phases of Al2O3 and being utilized for 
oxidative dehydrogenation reactions, but significant vari-
ation investigated in catalytic activity during the reaction 
[67]. Amongst all alumina forms, γ-Al2O3 phase was highly 
suitable for achieving selective production of ST synthesis. 
Thus because of γ-Al2O3 possess a favorable thermal stabil-
ity with accessible surface atmosphere and adequate pore 
size to maintain highly ordered metallic and other metal 
oxide species. For this reason, several research groups were 
made positive affords to utilize γ-Al2O3 as promising sup-
port material in dehydrogenation and other catalytic activ-
ity conversions. Thereby, varieties of chemical experiments 
like steam reforming of ethanol, Fischer–Tropsch synthesis, 
and partial oxidation of methane reactions are investigated 
over γ-Al2O3 incorporated catalysts [68–75]. In addition, 
MgAl2O4 (MA) spinels, SiO2 and MgO solid oxide catalysts 
are emerged as remarkable supporting materials in numerous 
catalytic active transformations. These type materials can 
be synthesized by conventional preparation methods like, 
hydrothermal methods, sol–gel, co-precipitation method etc. 
Therefore, MA spinel, SiO2 and MgO solid oxide materials 
possessed unusual thermal stability, surface acidic–basic 
textural properties, beneficial chemical homogeneity and 
performed as active support materials in different catalytic 
conversions [76–78].

In this point of view, present review focused on Co/
MA spinels, Co/SiO2, Co/MgO and Co/γ-Al2O3 materials 
and employed for dehydrogenation method in the presence 
of variety of oxidants like O2, N2, CO2, N2O, He and Ar 
respectively.

6.2 � Role of Co on γ‑Al2O3 Oxides 
in Dehydrogenation

In the present review we have investigated that optimal Co/γ-
Al2O3 (CA) oxide in N2 flow which could achieve an inferior 
catalytic activity presentation. Because of, adverse cracking 
of EB molecules have been observed on active surface of 
Co/γ-Al2O3 oxide materials. Optimized Co/γ-Al2O3 oxide 
afforded superior EB conversion along with ST selectivity 
for prolonged activity using CO2 as oxidant, thus owing to 
more number of isolated Co particles possessed high surface 
properties along with inferior crystallite size. In case of low 
cobalt content, the lesser number of Co particles available on 
active catalytic atmosphere evidenced from CO2 pulse chem-
isorption technique, consequently yielded mild EB conver-
sion but no severe changes are observed about ST selectivity 
and mechanism illustrated in Fig. 6, 7 and 8. While, beyond 
optimized Co content loaded on γ-Al2O3 (20 wt%) support 
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stayed at some extent mild EB conversion because of sig-
nificant increase in crystallite size subsequently decrease in 
surface acidic texture. In presence of CO2 flow EB conver-
sion was increased to high level on 15CA catalyst (shown in 
Fig. 10), thus because of significant RWGSR phenomenon 
when compared to N2 gas flow. Moreover, O2 flow applied 
in present EB dehydrogenation process and showed low ST 
selectivity due to formation of oxygenated products, fur-
ther evidenced from reported studies [36, 60, 89]. On the 
other words, He, Ar and N2O oxidants are also employed 
in EB dehydrogenation reaction, however, did not achieve 
beneficial ST yields as well as EB conversion. In addition, 
all these oxidants are cost effective than CO2 as soft oxidant 
in this process. Several research groups were expressed this 
oxidative dehydrogenation method as described in below 
equations.

In Eq. (4) one indicates the dehydrogenation of EB, and 
Eq.  (5) indicates the RWGSR phenomenon. Moreover, 
Eq. (6) dictates the simultaneous existence of dehydroge-
nation and RWGS reaction. ST selectivity was low while 
using N2 as reaction medium, due to adverse cracking of 
EB molecules on catalyst surface. Based on activity meas-
urements in CO2 flow, thus suitable acidic–basic proper-
ties are majorly favorable along with synergistic effect in 
optimized CA catalyst. Thereby, larger number of CO2 mol-
ecules conversion during on line gas analysis, and endorsed 

(4)EB → ST + H2

(5)CO2 + H2 → CO + H2O

(6)EB + CO2 → ST + CO + H2O

with high CO yield liberated via RWGSR phenomenon [59, 
66, 79, 89]. Hence, optimized CA catalyst has been stayed 
at remarkable EB conversion, when using CO2 as oxidant 
because of activated cobalt oxide ions along with synergistic 
Co-Al species. In that way, available more number of CO2 
molecules on optimized CA catalyst subsequently transfor-
mation into CO species which are vital involvement in the 
existence of more number of CO2 molecules via RWGSR 
phenomenon (CO2 + H2 = CO + H2O).

Therefore, significant fractions of carbon deposition 
transformed into CO2 molecules on surface of CA cata-
lysts, it was close association with reported study [59, 66]. 
Thereby, one speculation emerged that the generation of 
more number of CO molecules compared to H2 evolution 
during the catalytic activity. High ST selectivity has been 
afforded using CO2 atmosphere rather than O2, He, N2O 
and N2 oxidants. These unusual results are obviously due 
to remarkable RWGSR phenomenon with soft oxidant CO2 
than those of O2, He, N2O and N2 as diluents. By contrast, 
an adverse EB molecules decomposition investigated using 
O2, He, N2O and N2 atmosphere with high coke deposi-
tion. While mild carbon deposition accumulation and better 
activity results were investigated under influence of carbon 
dioxide atmosphere. Hence, CO2 is emerged as remarkable 
oxidant in terms of achieving high EB conversion along with 
ST selectivity. The spent CA catalyst has been subjected to 
regeneration in air flow, for overnight at 450 °C, and then 
CA catalyst achieved similar activity results as first-time 
usage. In this context γ-Al2O3 exhibited a remarkable syner-
gistic property in CA catalyst with vital resistance of instant 
catalytic deactivation through high surface area properties, 
steady mechanical and thermal stability.

6.3 � La as Unique Promoter on Co/γ‑Al2O3 Oxide 
Material

The endothermic pattern and thermodynamic limitations 
of dehydrogenation needs an elevated reaction atmos-
phere which play a promised role in increase of activity 
results. Oxidative dehydrogenation of CO2 is helpful for the 
enhancement of desired outcome products thus because CO2 
reacts with H2 produced in dehydrogenation of EB to gen-
erate larger CO molecules along with water as co-product 
via RWGSR phenomenon. Temperature effect (600 °C) on 
catalysts dehydrogenation (with O2, He, N2O and N2 flow) 
and oxidative dehydrogenation (with CO2 flow) over differ-
ent LCA samples as illustrated in Fig. 11. With increased 
reaction temperature, increase in EB conversion because 
of endothermic nature of dehydrogenation. Hence, sudden 
increase in EB conversion has been investigated at reaction 
temperature of > 600 °C. Compared to simple dehydrogena-
tion (in N2 flow), thus dehydrogenation with carbon dioxide 
yields desire EB conversion because of remarkable RWGSR. 

Fig. 10   Effect of Co loading on γ-Al2O3 as support material. Reac-
tion conditions; Catalyst; 1  g, CO2 flow; 30  ml/min, Temperature; 
600 °C
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As per superior catalytic activity, it is understandable that 
the reaction about at 600 °C and soft oxidant CO2 flow are 
the optimum conditions to get high EB conversion. While 
performing the catalytic activity test, Park et al. found that 
the noticeable dissociation of carbon dioxide molecules by 
way of releasing lattice oxygen is helpful in yielding high 
EB conversion [80, 81]. Under optimized experimental con-
ditions, CA, LCA and LA catalysts were screened for EB 
dehydrogenation and activity results were discussed in the 
present review. Thus, La2O3-γ-Al2O3 (LA) has displayed 
an adverse dehydrogenation results; even though displayed 
high ST selectivity due to diminish of active acidic sites. 
Surprisingly bare γ-Al2O3 yielded some extent higher EB 
dehydrogenation efficiency with noticeable decrease in ST 
product selectivity which was quite opposite to LA catalyst. 
After that high EB conversion achieved over CA catalyst 
because of Co3O4 as active component. The mild dehydro-
genation results achieved over bare Co3O4/γ-Al2O3 oxides 
due to high coke deposition and agglomeration properties. 
After, incorporation of La2O3 content on Co3O4/γ-Al2O3 
catalysts yielded greater catalytic activity during the reac-
tion because of high thermal stability. In the present dis-
cussion both Co3O4 and La2O3 contents can be regarded as 
active species in generation of synergistic catalytic activ-
ity. To know the efficiency of the catalysts, La2O3 embed-
ded Co3O4/γ-Al2O3 catalysts were tested for EB dehydro-
genation using CO2 as soft oxidant [30, 59, 66]. Initially, 
La content on Co3O4/γ-Al2O3 increased from 2 to 4 wt%, 
consequently increase in catalytic efficiency with respect 
to maximum EB conversion and ST selectivity. After that, 
incorporation of 6 wt% La2O3 content on Co3O4/γ-Al2O3 
catalyst has displayed high crystallite size species due to 

severe agglomeration properties of Co ions. In addition, 
high lanthanum content reduces surface acidic atmosphere 
of γ-Al2O3 in significant fraction, which played a negative 
role in promised catalytic activity. Herein, HR-TEM images 
of cobalt oxide incorporated lanthanum/γ-Al2O3 catalysts 
are clearly reveals the foam type morphology of cobalt oxide 
species and some of the agglomerated species can be seen 
in Fig. 12a and b. 

Hence high lanthanum content on CA exhibited mild 
EB conversion when compared to bare CA. It was observed 
that the neither higher lanthanum oxide (6 wt% La2O3), nor 
mild La fraction (2 wt% La2O3) in CA catalysts are suit-
able to achieve desired product yields. On the other hand, 
EB dehydrogenation reaction performed on Co3O4/γ-Al2O3 
and La2O3/Co3O4/γ-Al2O3 oxides in the presence of N2 flow. 
Even though, initial catalytic activity over LCA catalyst is 
significantly high compared to CA catalyst however both 
catalysts undergo activity loss during the reaction. The 
significant decline in activity under N2 environment with 
time is due to formation of high carbon material deposition. 
Moreover, oxygen releasing capability of oxide materials 
are not playing any role to release nascent O species because 
of the absence of oxidants [82, 83]. During the catalytic 
activity, LCA catalyst exhibited an improved EB dehydro-
genation compared to bare CA with noticeable changes in 
activity results. Thus, dehydrogenation activity of CA and 
LCA oxides are majorly depends on CO2 adsorption capabil-
ity and thermal stability. The optimal lanthanum embedded 
CA catalyst displayed a promised catalytic activity because 
of mild coke deposition as explained in present and reported 
ones [35, 59]. Therefore, carbonaceous material deposition 
growth is noticeably higher on bare CA rather than lantha-
num doped CA catalyst. Herein, La species greatly retards 
high coke deposition on surface of the catalyst during the 
reaction. In addition, CO2 emerged as suitable oxidant along 
with promotional effect of La2O3 species played a dramatic 
role on enhancement of the dehydrogenation activity. The 
beneficial interface between La2O3 and CO2 molecules are 
remarkable involvement in formation of La2O2CO3 like moi-
eties, which are crucial requirement in promoting the quick 
RWGSR phenomenon [35]. Hence, noticeable CO fraction 
investigated on surface of LCA catalyst during the dehydro-
genation of EB. Therefore, superb catalytic activity obtained 
in the presence of CO2 flow with dramatic CO evolution 
over CA and LCA catalysts. In conclusion, high CO yields 
achieved on LCA catalysts when compared to bare CA.

6.4 � Unique Advantage of La2O3 on γ‑Al2O3 
in Presence of CO2 Flow

The synergistic effect of La2O3/γ-Al2O3 species promotes 
the fine distribution of cobalt oxide species into octahedral 
vacancies of γ-Al2O3 which yielded enhanced catalytic 

Fig. 11   Role of La (wt%) loading on CA solid oxide catalyst for 
dehydrogenation. Reaction conditions; catalyst; 1 g, CO2 flow; 30 ml/
min, Temperature; 600 °C
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activity. By contrast, CA catalyst could not achieve high 
catalytic activity compared to lanthanum doped CA oxide 
because of occupation of cobalt oxide ions into tetrahedral 
vacancies. After, incorporation of La2O3 on Co3O4/γ-Al2O3 
catalyst showed an advantageous influence on catalytic 
activity by inhibiting the adverse interactions between 
Co3O4 and γ-Al2O3 species [72]. In presence of La ions, 
Co oxide species would appear as highly isolated manner 
rather than disorder bulky Co oxide ions on bare CA catalyst 
surface as depicted in Fig. 13. Moreover, La2O3 has played a 
dramatic role in better adsorption of CO2 molecules during 
EB dehydrogenation as described in Fig. 11.

6.5 � Remarkable Influence of Active Co Phase 
on MgO, SiO2, γ‑Al2O3, MgAl2O4 Spinels 
for Oxidative Dehydrogenation and Product 
Distribution

MgAl2O4 spinel exhibited lesser oxidative dehydrogenation 
activity results with inferior products yields which were 
not prompt in terms of enhanced catalytic activity presen-
tation. The major by-products formation on MgAl2O4 spi-
nel is toluene and benzene, which are promoted by adverse 
hydrogenolysis of EB molecules during the reaction. It 
was majorly due to, significant fraction of acidic proper-
ties emerged by Al species in MA spinel. However, ST 
yields are increased to maximum on MA spinel compared 
to bare γ-Al2O3 as supported material. After incorporation 
of Co ions (different atomic ratios of cobalt) on MA cata-
lyst by in-situ co-precipitation method leads to generation 
of efficient synergistic effect with respect to insertion of Co 

ions into MA spinel. Therefore, it was investigated that the 
formation of active MgCo2O4 and MgxCo(1−x)Al2O4 type 
particles most responsible for getting desired ST product 
yields. In case of Co/MgAl2O4 catalysts, increased cobalt 
content increases acidic nature on MgAl2O4 phase, which 
is crucial requirement in gaining high EB conversion and 
ST selectivity as illustrated in Fig. 14. By contrast, high 
basic nature possessed MgO catalyst was favor towards 
achieving mild EB dehydrogenation with high ST selectiv-
ity. On the other hand, an efficient interface needed between 
Co3O4 and high surface area possessed γ-Al2O3 particles 
which results in formation of uniform Co oxide particles 
on catalyst surface. Therefore, desired activity results (high 
EB conversion) were observed on series of Co3O4/γ-Al2O3 
catalysts. While agglomerated Co oxide particles investi-
gated on MgO support, because of lowest surface area of 
MgO materials. On the other hand, basic properties of MgO 
and MgCoO4 species in Co3O4/MgO catalyst may helpful 

Fig. 12   a, b HR-TEM images of La2O3/Co3O4/γ-Al2O3 catalyst

Fig. 13   Co oxide particles alignment in LCA and CA solid oxides
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in getting beneficial ST yield compared to Co3O4/γ-Al2O3. 
As reported by [84], MgO can be easily transformed into 
Mg(OH)2 phase through evaluation of H2O as side product 
in the reaction atmosphere. Herein, we retard the existence 
of MgO phase through complete formation of MgAl2O4 
species along with active solid solution species in CMA 
catalysts, Therefore, desired activity results are investigated 
on CMA catalysts compared to bare Co3O4/MgO catalyst. 
Herein, Co/SiO2 catalyst also tested for EB dehydrogena-
tion, even though did not yield high EB conversion due to 
lesser surface acidic texture. Even with high surface area 
possessed Co/SiO2 catalyst did not get better catalytic activ-
ity, because of all catalytic reactions would not depend on 
high surface area of catalysts. According to the literature, 
catalytic activity of EB oxidative dehydrogenation reactions 
are typically depends on some extent acidic–basic proper-
ties of the catalysts. To overcome adverse catalytic active 
properties on CA and CM catalysts, we made an alternative 
and stable cobalt oxide embedded MgAl2O4 catalysts with 
adequate acidic–basic atmosphere and thermal stability con-
sequently afforded an excellent catalytic activity presenta-
tion. It was supposed to due to, existence of more number of 
active Co oxide particles distributions through facile reduc-
ible patterns and appeared as active solid solution species. 
Therefore, Co incorporated MA catalyst in which forma-
tion of uniform synergistic MgCo2O4 or MgxCo(1−x)Al2O4 
moieties are responsible for achieving superior catalytic 
activity. From HR-TEM images (Fig. 17a, b) we have found 
different springs which are majorly described the forma-
tion of isolated Co oxide phase and solid solution species 
along with bulk Co oxide species, further evidenced from 
H2-TPR analysis [66]. Moreover, formation of active solid 

solution species investigated from XRD and H2-TPR pat-
terns in our previous report [66]. In contrast, agglomerated 
disorder MgCo2O4 or MgxCo(1−x)Al2O4 species and larger 
size Co3O4 particles are investigated at higher atomic ratio of 
cobalt in CMA catalyst as explained in reported study [66]. 
Hence, 1.25CMA catalyst had displayed mild EB conver-
sion, which was apparent, evidenced from marginal surface 
area, high crystallite size properties and complex reduction 
texture. According to present study investigations, activity 
results Co supported catalysts follows order like MgAl2O4 
> γ-Al2O3 > SiO2 > MgO.   

6.6 � Influence of Reaction Conditions in Activity 
Results

The styrene manufacture on 1CMA and 1.25CMA catalysts 
were performed at various temperatures in the range of 450 
to 650 °C and results were shown in Fig. 18. Increase in 
dehydrogenation activity results with increasing tempera-
ture owing to endothermic properties of ODH reactions and 
showed that temperature is prominent requirement in these 
reactions. Maximum styrene monomer selectivity investi-
gated at reaction temperatures of 450 and 550 °C respec-
tively then smooth decrease investigated in ST selectivity 
at reaction temperature of 600 °C. Then, high reaction 
temperature (650 °C) favors an excessive cracking of EB’s 
C–C bonds over applied catalytic active materials. There-
fore, elevated temperature like > 600 °C of ODH leads to 
smooth cracking of EB into carbonaceous deposits (COX) 
and evaluation of other byproducts, consequently achieved 
mild ST selectivity.

But, better ST selectivity afforded on 1CMA oxide cata-
lyst at 600 °C (better thermal and mechanical stability) 
compared to 1.25CMA catalyst, due to mutual interaction of 
cobalt, magnesium oxide and γ-Al2O3 species as solid solu-
tion texture like MgCo2O4 and MgxCo(1−x)Al2O4. Therefore, 
1CMA catalyst had afforded a remarkable catalytic prop-
erty through favorable acidic–basic texture and formation of 
active MgCo2O4 or MgxCo(1−x)Al2O4 particles as shown in 
Fig. 14. In other words, during online analysis high CO yield 
achieved on 1CMA rather than 1.25CMA catalyst, because 
of mutual interaction between active Co oxide ions and CO2 
molecules. Hence, larger fraction of CO2 molecules availa-
bility and efficiently utilized on active surface of 1CMA cat-
alyst which would be transformed into CO species with great 
involvement in ST production via RWGSR phenomenon 
(CO2 + H2 = CO + H2O) [89]. Thus, results in higher frac-
tion of deposited carbon material considerably oxidized into 
CO2 molecules on surface of 1CMA rather than 1.25CMA 
catalyst; it was close correlation with reported study [29, 30, 
59]. As a result, high CO yield investigated when compared 
to H2 evolution on surface of the 1CMA catalyst; hence this 
scenario concludes that great involvement of H2 in RWGSR. 

Fig. 14   Role of Co content on MA spinel for oxidative dehydrogena-
tion. Reaction conditions; catalyst; 1 g, CO2 flow; 30 ml/min, Tem-
perature; 600 °C
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While, 1.25CMA catalyst achieved mild ODH-EB activity at 
1 h owing to lesser quantity of CO2 molecules exploitation 
consequently investigated mild CO yields evidenced from 
online gas analysis. Considerable diminish in carbon mate-
rial accumulation investigated in the presence of CO2 flow 
which was significantly lower than N2 atmosphere. Gener-
ally reaction scheme of the oxidative dehydrogenation of 
EB in the presence of carbon dioxide will be observed as 
described in the Fig. 19.

6.7 � Influence of Calcination Temperature 
in the Formation of MgAl2O4 Spinels (MA)

An extensive study made on preparation of MgAl2O4 spi-
nels, which is playing a prominent role on regulation of Co 
particles dispersion for sustained catalytic activity accom-
plishment. In 600MA spinel, it has been investigated that 
the competent formation of γ-Al2O3 and MA spinel phase 
results in accessible surface area. Even though, high acidity 
in 600MA spinel did not facilitate a preferred ST selectivity 
and EB conversion. After Co oxide impregnation on 600MA 
spinel, ST selectivity has not been attractive owing to slight 
increase in surface acidic properties of Co/600MA catalyst. 
Based on beneficial catalytic activity potential, thus bal-
anced acidic–basic atmosphere is typically required for an 
elevated catalytic activity. Then, calcination temperature of 
700 °C is majorly needed for complete MA spinel formation. 
Thereby, surface acidic nature was decreased with increase 
in crystallite size which is negative role on advanced cata-
lytic activity as explained in Fig. 20. Moreover, considerable 
decrease of 700MA spinel surface acidic density compared 
to 600MA spinel. While increasing calcination temperature 
of MA spinels from 600 to 700 °C significant increase in 
crystallite size have been investigated. By contrast, 800MA 
spinel displayed an unusual surface area with irrespective 
of high calcination temperature and emerged as unique sup-
port material for uniform Co particles dispersion. Moreover, 
slight decrease in surface acidic behavior leads to beneficial 
role in getting high catalytic activity. By investigation of 
Nasser et al. [78, 85] the calcination temperature of 800 °C 
was beneficial for a desirable surface area with marginal 
crystallite nature. On the other hand, formation of 900MA 
spinel significantly changes catalyst surface chemical and 
acidic textural properties, consequently decrease in surface 
acidic contribution when compared to low temperature MA 
spinels.

6.8 � Co3O4 doped MgAl2O4 (CMA) Catalysts

In this context, MgAl2O4 spinels were obtained by co-
precipitation method then calcined at different calcina-
tion temperatures (600–900 °C). After that active cobalt 
oxide (wt%) loaded on MgAl2O4 spinels prepared by 

wetness-impregnation method and evaluated for EB dehy-
drogenation reactions. Initially, EB dehydrogenation reac-
tion was performed on different MA spinels and activity 
results were described in Fig. 20. The different calcination 
temperatures of MA spinels are significantly regulating sur-
face textural properties as well as Co particles dispersion, 
which lead to dissimilar catalytic activity results. After, Co 
loaded 600MA spinel afforded a marginal ST selectivity thus 
because of increase in surface acidic nature. Furthermore, 
Co oxide doped 700MA spinel catalyst, displayed a slight 
decrease in acidic nature with an improved ST yields as 
depicted in Fig. 21. Typically, high calcination temperature 
of 700MA spinel results in decrease of surface acidic nature 
through high crystalline size of the catalyst. Even though, 
CO2 molecules exploitation as well as dissociation obviously 
high compared to Co/600MA catalyst. Hence, dissociation of 
CO2 species and interaction with EB molecules were promi-
nent influence on Co/700MA catalyst, due to formation of 
active single-phase MA spinel. But, Co doped 800MA spinel 
catalyst provided remarkable activity results in the view of 
better EB conversion and ST yield compared to Co/700MA 
catalyst. For that reason, we assumed that the noteworthy 
involvement of RWGSR on surface of Co/800MA catalyst. 
Moreover, 800MA spinel noticeably facilitates the desirable 
surface area platform for fine dispersion of Co oxide parti-
cles on surface of the catalyst (seen in Fig. 15) consequently 
afforded higher CO2 molecules utilization and dissociation 
[78]. By contrast, low surface area possessed 900MA spi-
nel has not been provided any high surface area towards 
more number of Co oxide species distribution, subsequently 
achieved marginal catalytic activity. In addition, agglomer-
ated Co oxide particles investigated on surface of 900MA 
spinels as shown in Fig. 16.

6.9 � Effect of Catalyst Preparation Procedure in EB 
Dehydrogenation

There are several factors to influence catalytic activity on 
EB dehydrogenation and ST production such as, catalyst 
preparation procedure and nature of the support materi-
als. In the present discussion, we are simply discussing 
the wetness-impregnation and co-precipitation methods 
to prepare cobalt based and promoter doped catalysts. In 
wetness-impregnation method, the active cobalt oxide 
species are dispersed simply on outer surface of the cata-
lysts. This could results in either formation of fine cobalt 
species if support material possesses accessible surface 
area, or growth of bulk Co species with mild surface area 
of support materials. All these factors majorly depend on 
some extent specific surface area of support materials to 
be impregnated with active metallic nitrate precursors. As 
a function of catalytic activity, few support materials are 
sustained up to certain fraction of metallic loading during 
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the catalyst’s preparation, furthermore significant growth in 
size of cobalt ions has been observed. Based on reported and 
present review findings the mild catalytic activity has been 

observed on wetness-impregnation method catalysts [21, 
72]. Moreover, wetness-impregnation method catalysts are 
facilitating agglomerated particles while adding the exces-
sive cobalt oxide content on support material during the cat-
alysts preparation. Thereby, noteworthy decrease in surface 
area of active species, as well as of ST yields and EB con-
version. By contrast, co-precipitation method catalysts are 
advantageous for EB dehydrogenation compared to wetness-
impregnation method. In co-precipitation method catalysts, 
the active metal species are distributed either on outer space 
of support material or diffusion into inner core of the active 
catalytic materials. This type of catalytic chemical interac-
tions generates the dramatic textural properties for sustained 
dehydrogenation process and several other catalytic transfor-
mations. In addition, efficient support-metal interactions are 
emerged as active catalytic solid solution phases which are 
supporting significant contribution in getting wonderful cat-
alytic activity [72]. In co-precipitation catalysts, there may 
be high diffusion properties of EB molecules into active core 
of the catalyst leads to promised ST yields. On the other way, 
agglomeration properties are diminished to significant level 
than that of wetness-impregnated catalysts, hence displayed 
prolonged activity achievement in EB dehydrogenation. 
According to crystallite pattern, more number of smaller 
size Co species are obtained from co-precipitation method 
when compared to of wetness-impregnation catalysts [66, 
72, 88, 90, 92].

6.9.1 � Influence of Metallic Precursors on Catalytic Activity

Based on reported catalyst preparation methods, there 
were variety of metallic salts utilized to get cobalt based 
catalysts and applied for oxidative dehydrogenation process. 

Fig. 15   Homogeneous alignment of Co oxide ions on surface of 
800MA spinel

Fig. 16   Disorder Co oxide ions distribution on surface of 900MA spi-
nel

Fig. 17   a, b HR-TEM images of cobalt oxide incorporated MA spinels
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Amongst, Co(NO3)2 materials are much preferable for ben-
eficial cobalt particles distribution on surface of the support 
materials. In case of cobalt nitrate precursors, a marginal 
crystallite pattern has also been observed, which played a 
key role in dramatic catalytic activity efficiency. But cobalt 
acetate precursors are not much advantage for formation 
of active cobalt species towards desired products yields. 
Thereby, appearance of larger crystallite size when using the 
metal acetate as active precursors. In similar manner, cobalt 
chloride salts are also not advantage for fine cobalt species 
formation, which mostly regulate the activity efficiency of 
the reaction. It was clearly investigated that cobalt chloride 
salts cannot be decomposed in to active cobalt species dur-
ing the low and high calcination temperature conditions. As 
function of superior catalytic activity, numerous cobalt pre-
cursors were used in active cobalt-based catalysts prepara-
tion, thus order follows as cobalt nitrate, >Co(CH3COO)2 
and >cobalt chloride respectively [21]. According to the 
aforementioned results, Co nitrate precursors emerged as 
active precursor’s materials and utilized in preparation of 
CA, LCA, Co/800MA and 1CMA catalysts in the present 
review article. Therefore, generated unusual catalytic activ-
ity compared with reported cobalt-based catalysts. More-
over, we achieved a marginal cobalt oxide crystallite size 
by using the cobalt nitrate as precursors in all synthesized 
catalysts.

6.9.2 � Types of Promoters Tested for Oxidative 
Dehydrogenation Reactions

During the decades, several active promoters are being 
investigated and still promoter-based catalysts are testing 

Fig. 18   Temperature effect on 1CMA catalyst. Reaction conditions; 
catalyst; 1 g, CO2 flow; 30 ml/min, Temperature; 450 to 650 °C

Fig. 19   Oxidative dehydrogenation of EB on Co3O4/MgAl2O4 in CO2 
flow

Fig. 20   Effect of calcinations temperature on formation of MA spi-
nels. Reaction conditions; catalyst; 1 g, CO2 flow; 30 ml/min, Tem-
perature; 600 °C
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Temperature; 600 °C



307Role of Cobalt Oxide‑Based Catalysts for Styrene Production: A Review on Significance of Various…

1 3

continuously for dehydrogenation process. Herein, active 
promoters are being provided outstanding activity and tex-
tural properties, subsequently existence of unusual catalytic 
efficiency. In this perspective, active potassium promoter was 
employed along with Fe3O4 species for steam assisted EB 
dehydrogenation process. However, steam assisted process 
did not provide beneficial atmosphere for prolonged inter-
action between potassium and iron oxide phase. Because 
of leaching of active potassium promoter from surface of 
active species and some extent surface potassium diffusion 
into core of the catalytic moieties leads to marginal catalytic 
activity performance [12]. Braga et al. investigated that the 
active role of ferrites in CoFeSi and NiFeSi catalysts, which 
are exhibited high ST yield. Herein, Fe behaves like active 
promoter in both the catalysts, but significant dissimilar-
ity investigated in their catalytic activity efficiency [23]. In 
present trend, COK-12 emerged as one of the mesoporous 
support material for styrene manufacture and several other 
catalytic transformations. It was mostly due to efficient dif-
fusion of Co species on high surface area possessed COK-12 
material [25]. After that, molybdenum nitride incorporated 
Co catalysts were existed as useful species in ST production, 
by facilitating a basic nature in the catalytic atmosphere. In 
these catalysts’ molybdenum nitride acts as active promoter 
in superior activity [24]. In other words, Co2-C moieties are 
more advantage than Ni2-C species, due to basic nature of 
cobalt based carbon catalyst [26]. The Co ions doped HT 
materials are afforded an improved EB conversion compared 
to bare HT support material, because of active role of Co 
species [86]. Fe-Co/Mg(Al)O derived from hydrotalcites 
has been afforded an improved catalytic activity owing to 
beneficial role of Co content [87]. In the present review also 
associated with different active promoters in the catalyst’s 
preparation amongst La is significantly better than Mg as 
active promoter it was close correlation with reported ones 
[35, 59]. After incorporation of La on CA oxide, results in 
significant increase in catalytic properties with respect to 
prolonged activity. In case of Mg promoted CA spinel oxide, 
there has been noticeable growth in carbon deposition on 
surface of the active species, because of existence of MgO 
species in the catalytic atmosphere. Present review majorly 
focused on formation of active MgAl2O4 spinel rather than 
inactive MgO phase for better dispersion of Co ions and high 
catalytic activity. Herein, we included reported and present 
catalysts activity results in Table 2.

6.9.3 � Economical Importance of Styrene Production

During the decades there has been growing much inter-
est in ST production owing to global economical impor-
tance as well as high capacity and demand as described 
in Fig. 22. Based on diagram ST production capacity has 
gradually been increasing since 2011 to till date, which leads 

to development of new commercial pilot plants in across 
the world. Presently, USA, china and Japan countries are 
account for the largest 40% to 50% of global ST production.

In 2015 the total annual production of styrene approxi-
mately 30 to 40 metric tons, thus expected to rise until 2020 
and assumed to be above 40 metric tons. Therefore, ST 
production and demand almost equal during the decades 
with growth rate of 3.2%. All these ST productions mostly 
obtained from commercial pilot plants in the world wide. In 
this perspective, if we apply pilot scale EB dehydrogena-
tion in the presence of CO2 environment, leads to noticeable 
increase in global economical growth and decrease in cost 
requirements compared to operational commercial methods 
[13]. Moreover, this process beneficial in terms of some 
extent mitigation of global warming issues by efficient uti-
lization of CO2 as soft oxidant.

7 � Conclusions

Approximately, in worldwide 27,180.000 metric tons of sty-
rene and styrene derivative compounds are being needed for 
essential commodities production. The major contribution 
of styrene chemical manufacture is obtaining via existed 
industrial process such as commercial dehydrogenation and 
steam assisted process. Styrene is not a sustainable source of 
energy; it has been producing since several decades through 
viable industrial dehydrogenation methods. Moreover, it is 
estimated that worldwide cumulative styrene demand and 
supply gradually increasing as mentioned in previous sec-
tion because of numerous industrial necessities. This study 
systematically explains a broad literature review on dehydro-
genation reaction including the production of liquid styrene 

Table 2   Present study activity results comparison with reported cata-
lysts

Catalyst Reaction-T 
(°C)

EB-conv 
(%)

ST sele (%) References

3% Co/COK-
12

600 55.5 95 [25]

10% 
CO3MO3N

600 62.5 94.3 [24]

CNT-10Co 550 83 88.1 [26]
Co-Fe-Si 550 47.5 98 [23]
Co/Al pillard 400 10 10 [22]
4Co-Mo/Al 400 20.1 91.1 [21]
4LCA 600 82 98 Present
CA 600 63 93 Present
15Co/800MA 600 81.1 98 Present
Co/SiO2 600 53 97 Present
Co/MgO 600 45 95 Present
1CMA 600 81 99 [66]
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monomer through several existed commercial systems. In 
the present trend several research groups have been focusing 
on extensive utilization of CO2 as oxidant in styrene manu-
facture owing to beneficial properties than other oxidants 
and commercial methods.

This process needs to be commercialized for EB dehy-
drogenation in view of the worldwide huge ST supply and 
demand. In addition, this review broadly illustrates the 
various surface catalytic active species role in remarkable 
EB dehydrogenation. The complete dehydration of 1-phe-
nylethanol and hydrogenolysis path employed for synthesis 
of higher fraction of styrene molecules and its derivative 
chemicals. Even though, these methods are cannot mitigate 
few unresolved drawbacks in terms of low-cost requirements 
and desired ST yields. Hence, we mostly focused on prepara-
tion of Lewis and Bronsted acidic sites possessed γ-Al2O3 
material which was incorporated in CA, LCA, 1CMA and 
Co/800MA catalytic materials and exhibited desired activity 
efficiency in EB dehydrogenation process. Amongst, active 
solid solution species (MgCo2O4 or MgxCo(1−x)Al2O4) pro-
moted 1CMA catalysts played a major role in prolonged 
activity measurements. These types of catalysts noticeably 
retard the huge carbon material accumulation on surface of 
the active species owing to high thermal stability. Thereby, 
1CMA catalytic species are emerged as promised and active 
materials in EB oxidative dehydrogenation process. On 
the other words, different calcination temperatures of MA 
spinels with cobalt oxide material obviously regulate the 
possible product formation in EB dehydrogenation. In this 
context, neither high acidic Co/600MA material nor inferior 
acidic nature of Co/900MA catalysts are beneficial in high 
ST production. By contrast, Co/800MA catalysts are suitable 
and selective for better activity measurements than its com-
petent catalysts in the present discussion. In case of LCA 
catalysts, active synergistic Co-La moieties are significant 

influence on advanced activity measurements in terms of 
high EB conversion and ST yields. Till date this type of cata-
lytic active materials did not broadly applied in ST manu-
facture, so this type of cobalt based materials are preferable 
solid oxide catalysts compared to few reported cobalt based 
catalysts as listed in Table 2.

Additionally, the development of several cobalt based 
catalysts and different preparation methods and past dehy-
drogenation process have been investigated. As a result, in 
the present investigation catalysts obtained from co-precip-
itation methods are remarkable than wetness-impregnation 
method. Intensive investigations require in terms of technical 
development of EB dehydrogenation to ensure the success 
in deployment. The contribution of ST production via sev-
eral methods such as steam assisted process, liquid phase 
dehydration of 1-phenyl ethanol dehydration and benzene 
hydro peroxide dehydration process are being less impor-
tant. Therefore, styrene monomer is one of the consequences 
of global economy growth, which makes the exploration 
about the EB dehydrogenation in CO2 atmosphere; it is an 
extremely essential method. Hence, green research has con-
tinued to transformation of EB into ST monomer through 
utilizing CO2 as an oxidant under optimized conditions. The 
huge ST chemical synthesis noticeably enhances the global 
economic growth as well as wide range of useful commodi-
ties production.
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