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A B S T R A C T   

The deactivation phenomenon of HZSM-5 catalysts (SiO2/Al2O3 ratio = 30–280) in the 1-butene oligomerization 
has been studied. Experiments were performed in a fixed-bed reactor at 175− 325 ◦C; 1.5− 40 bar; and, 2− 6 g h 
molC− 1. Used catalysts were analyzed by: temperature-programmed sweeping with N2 (TPS-N2), soluble coke 
analysis by gas chromatography/mass spectrometry (GC/MS); Fourier-transform infrared spectroscopy (FTIR); 
temperature-programmed oxidation (TPO), and; combined TPO/FTIR. The main deactivation cause is the olig
omer (soft coke) confinement in the catalyst matrix, which depends on the reaction conditions (temperature and 
pressure). Soft coke is removed by TPS-N2 at 400 ◦C, whereas the remaining hard coke, by combustion. Two 
types of hard coke are distinguished, which are located in the catalyst matrix and in the zeolite micropores, being 
the second fraction more refractory to combustion. The low developed nature of soft coke facilitates catalyst 
regeneration, which is fully achieved by the combustion of hard coke at 500 ◦C.   

1. Introduction 

The oligomerization of C2-C5 olefins is an attractive and versatile 
route to selectively produce environmentally friendly synthetic trans
portation fuels [1,2], especially if olefins are produced from sources 
alternative to conventional oil-based steam cracking and FCC units [3]. 
Among these routes for light olefin sustainable production, the conver
sion of oxygenates derived from biomass (methanol, dimethyl ether 
(DME), bioethanol or bio-oil) [4–7], wastes of consumer society (mainly 
polyolefins) [8–10], and CO2 [11] are the most promising ones. Like
wise, the direct synthesis of olefins from CH4 [12] is receiving a great 
attention. 

The products of olefin oligomerization are mainly composed of a 
mixture of alkenes, free of heteroatoms and sulphur, with low concen
tration of naphthenes and aromatics, which after a hydrogenation step 
can be used as gasoline, jet fuel and diesel fuel blending components 
[13–15]. In addition to oligomerization and co-oligomerization re
actions, the reaction mechanism includes skeletal and double bond 
isomerization, hydrogen transfer, cracking and cyclization reactions 
[13,16,17]. Furthermore, the product distribution greatly depends on 
the operating conditions (pressure, temperature and space time) 
[18–22] and the catalyst properties (acidity and shape selectivity) [1,2, 
23–27]. A key target in the olefin oligomerization processes is the use of 

active, selective and stable catalysts [1,2,15]. The HZSM-5 zeolite based 
catalysts meet these features, though the shape selectivity of the HZSM-5 
zeolite (MFI structure) limits the formation of hydrocarbons in the 
fraction of middle distillates. The deactivation of the HZSM-5 zeolite is 
related to both acid site and pore blocking, where the confinement of 
oligomer products plays a substantial role, due to their internal diffusion 
limitations [18,23,28]. 

There are different strategies to improve activity-selectivity-stability 
of the catalysts based on HZSM-5 zeolite [14,23,25,26,29]. Corma et al. 
[23] studied the effect of several modifications of HZSM-5 zeolites 
(SiO2/Al2O3 = 20–80) for the oligomerization of propylene and pentene 
at 200 ◦C and 40 bar. They reported that high Brönsted acid site density 
and small crystallites improved both propylene conversion and catalyst 
stability. In the oligomerization of pentene, additional mesoporosity 
formed by several desilication treatments was crucial in order to greatly 
improve catalyst stability. Silva et al. [27] tested several MFI-based 
micro/mesoporous zeotypes prepared via bottom-up approaches in the 
oligomerization of 1-butene at 250 ◦C and 40 bar. Overall, the zeotypes 
provided with a regular morphology, nanocrystallites and with a high 
level of mesoporosity performed better than the commercial zeolites for 
the production of middle distillates. We recently explored the capacity 
of HZSM-5 zeolite based catalysts for the oligomerization of 1-butene at 
low pressure (1.5 bar) [21] and high pressure conditions [22], for 
maximizing naphtha (C5-C11) and diesel (C12-C20) yields. The catalysts 
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were prepared with a hierarchical structure of the particle, by agglom
erating the zeolite in a mesoporous matrix (which also provides me
chanical strength). Under the wide range of operating conditions studied 
(temperature, pressure, space time and partial pressure of butene in the 
feed), the catalysts reached a pseudo-steady state after 10− 20 h on 
stream, by keeping a remarkable remaining constant activity after a 
transient state of rapid deactivation. 

The understanding of the deactivation phenomenon in olefin oligo
merization reactions is challenging because the conventional mecha
nisms of coke formation (catalyzed by acid sites) [5,8,30–32] are 
conditioned by the confinement of oligomers, which block the micro
pores and restrict their accessibility. The coke deposition is related to the 
limited diffusion of formed liquid products, which are rapidly retained 
in the micropores [23,33]. The presence of mesopores favors the diffu
sion of products, giving way to a better catalytic performance and less 
coke content [23,26,34]. 

Furthermore, the presence of confined species masks the results 
obtained in the analysis of spent catalysts by using conventional tech
niques. Additionally, it hinders the interpretation of the results based on 
the effect of the reaction conditions (temperature and pressure), as the 
aggregation state of the oligomer products (as liquid or gas) changes, 
and this affects their confinement capacity. Likewise, the protocols for 
removing the trapped oligomers and deposited coke on the acid sites 
should be defined for the catalyst regeneration. 

This work focuses on studying the deactivation and regeneration of 
HZSM-5 zeolite based catalysts in the oligomerization of 1-butene at low 
and high pressure conditions (1.5− 40 bar) [21,22], with the aim of 
reasonably understanding these phenomena, by distinguishing between 
soft coke (confined oligomers) and hard coke (more developed carbo
naceous species). The existence of these two coke fractions was already 
established by Corma et al. [23]. Likewise, we have established the 
suitable conditions for the removal of soft coke (by sweeping) and hard 
coke (by combustion) in order to recover the catalyst properties. For this 
purpose, we have studied the effect of the SiO2/Al2O3 ratio of the 
HZSM-5 zeolite and of the most relevant reaction conditions (especially 
temperature and pressure) on the amount and composition of coke 
deposited on the catalyst. In order to observe the differences between 
soft and hard coke, we have sequentially used different analysis tech
niques: temperature-programmed sweeping with N2 (TPS-N2) of soft 
coke; gas chromatography/mass spectrometry (GC/MS) of soluble coke 
in CH2Cl2; Fourier transform infrared (FTIR) spectroscopy alone or 
combined with temperature-programmed oxidation (TPO) of total coke 
and hard coke (remained after sweeping soft coke); and, TPO analysis of 
hard coke, whose removal requires combustion. The deterioration of the 
physical and acid properties of the used catalysts has been studied by 
using N2 and NH3 adsorption-desorption, respectively. Additionally, 
reaction-regeneration cycles have been carried out to establish the 

suitable conditions for coke sweeping or combustion in order to assure a 
total regeneration of the catalysts. 

2. Experimental 

2.1. Catalysts 

HZSM-5 zeolite based catalysts with three different SiO2/Al2O3 
molar ratio (30, 80 and 280) provided with a hierarchical porous 
structure have been used in this study. The procedure for catalyst 
preparation and characterization, as well as their main physical and acid 
properties are detailed in Section S1 and Table S1 of the Supporting 
Information. 

2.2. Equipment and conditions for reaction and regeneration 

Experimental runs were performed in an automated reaction system 
(PID Technol., Madrid, Spain) equipped with a stainless-steel fixed-bed 
reactor (internal diameter, 9 mm) and a piston pump (Gilson 307) for 
feeding 1-butene in liquid phase. A detailed description of the experi
mental setup used can be found elsewhere [21] and its flow diagram is 
shown in Fig. S1 (Section S2). Catalyst particles were mixed with inert 
SiC (particle diameter, 90 μm) so as to ensure a constant height (1.5− 2 
cm) and isothermal conditions in the catalytic bed [5]. Prior to re
actions, catalysts were in situ pretreated at 450 ◦C for 3 h under atmo
spheric pressure in N2 (50 cm3 min− 1), in order to remove moisture from 
the catalyst. The following operating conditions were tested: 175− 325 
◦C; 1.5− 40 bar; space time, up to 6 gcatalyst h molC− 1 (as pressure is raised 
a lower space time is needed to reach the same conversion level); 
catalyst mass, 0.1− 0.55 g; 1-butene (99 %, Air Liquide) diluted with 
inert gas N2 (30 vol%.); and, time on stream (TOS) up to 20 h. In Section 
S3 of the Supplementary Information, the effect of the reaction pressure 
(1.5− 40 bar) on the aggregation state (vapor or liquid) of the 1-butene 
feed (diluted in 30 vol% of N2) and that of the most representative 
lumped products (non-converted butene, propylene, butane, C5-C7 ole
fins, C8-C11 olefins and C12+ olefins) has been analyzed at 225 ◦C 
(Table S2) and 275 ◦C (Table S3). The simulations have been carried out 
using PRO-II v.10 process simulation software using the Peng Robinson 
thermodynamic model to calculate the vapor and liquid molar fraction 
for each condition. The results shown in Table S2-S3 reveal that the 
1-butene feed is in vapor phase under all the reaction conditions tested 
in our work. We can also predict that under high pressure conditions 
(above 10− 20 bar) the oligomer products are partially present in liquid 
phase [24,35]. It should be noted that when the composition of the re
action medium comprises these oligomers, part of 1-butene will also be 
in liquid phase. The liquid state of a significant fraction of the reaction 
medium will condition the kinetic results (including product distribu
tion and catalyst deactivation), as the oligomerization reaction steps will 
be limited by the diffusion of the different compounds of the reaction 
medium. Furthermore, the liquid state of the oligomers (especially of the 
heaviest ones) will facilitate their confinement, as part of soft coke. This 
situation also takes place in the aromatic alkylation reactions [36]. 

The procedure for product analysis and the reaction indices (con
version, yield and selectivity of each lumped products) are summarized 
in Section S4 of the Supporting Information. 

With the aim of studying the catalyst regeneration, reaction- 
regeneration cycles were carried out following two steps for the in situ 
regeneration of the catalysts (after sweeping with N2 at the reaction 
temperature): (1) sweeping with N2 at 400 ◦C (1 h); and, (2) coke 
combustion with a continuous flow of air (40 cm3 min− 1), following a 
heating ramp of 10 ◦C min− 1 up to 500 ◦C, which was kept for 0.5 h. 

2.3. Used catalyst characterization 

Prior to characterization, all the used catalyst samples were firstly 
swept in the reactor with 30 cm3 min− 1 of N2 at the reaction temperature 

Nomenclature 

Cc, Cci Total coke content and i coke fraction content in the 
catalyst, respectively (wt%) 

Ei Activation energy for the combustion of each i coke 
fraction (kJ mol− 1) 

fi Mass fraction of each i coke fraction (wt%) 
k1, k2 Kinetic constants for the combustion of coke type I and 

II, respectively (atm− 1 h− 1) 
SBET, Smicro BET specific surface area and micropore surface area, 

respectively (m2 g− 1) 
TOS Time on stream (h) 
W Catalyst mass (g) 
W/F0 Space time (g h molC− 1) 
X Conversion (%)  
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for 20 min in order to ensure the reproducibility of analyses [37,38]. The 
deterioration of physical and acid properties of the coked catalyst 
samples were measured using the same methods applied for fresh 
catalyst characterization (Section S1). Temperature-programmed 
sweeping with N2 (TPS-N2) of confined oligomers (soft coke) and 
temperature-programmed oxidation (TPO) with air of remaining coke 
(hard coke) were carried out in a TGA Q5000TA thermobalance 
(Thermo Scientific) as previously reported [22]. For the TPS-N2 analysis, 
~15 mg of sample were rapidly treated with N2 at 200 ◦C for 15 min in 
order to remove adsorbed water, and subsequently heated up to 400 ◦C 
(10 ◦C min− 1) in 40 cm3 min− 1 of N2 and kept for 20 min. TPO analysis 
of remaining hard coke was carried out by introducing 40 cm3 min− 1 of 
air, with a heating ramp of 3 ◦C min− 1 up to 575 ◦C, which was kept for 1 
h (to ensure complete combustion of coke). The procedure for quanti
fying the amount of each fraction of hard coke and their combustion 
kinetics is summarized in Section S5 of the Supplementary Information. 

In order to identify the total retained species (total coke) on the used 
catalysts, a soluble coke extraction with CH2Cl2 was carried out [39–42]. 
Firstly, ~100 mg of used catalyst sample were dissolved in HF (Merck, 
40 %), with a sample/HF ratio of 10 g cm− 3 in a Teflon container for 1 h. 
Afterward, the acid solution was neutralized with a NaOH solution. 
Secondly, the organic phase was extracted by adding ~ 3 cm3 of CH2Cl2 
(Sigma-Aldrich, 99.8 %). Finally, the liquid sample (extract) was 
analyzed in a GC–MS (Shimadzu QP2010) and GC-2010 gas 
chromatograph. 

FTIR and combined FTIR-TPS-N2 and FTIR-TPO spectroscopic mea
surements were carried out for the analysis of total and hard coke (after 
the sweeping treatment) in a Nicolet 6700 spectrophotometer (Thermo- 
Fisher Scientific) using a transmission cell (60 scans, and resolution of 4 
cm− 1). The used catalyst samples (30 mg) were supported on a KBr (300 
mg) disc and placed in the chamber, where they were outgassed at 200 
◦C under vacuum to remove water and adsorbed contaminants, and FTIR 
spectra were taken. For the TPS-N2, the sample was heated up to 400 ◦C 
at 10 ◦C min− 1 with N2 (30 cm3 min− 1) and kept isothermally for 20 min. 
Subsequently, for the TPO, the sample was cooled down to 100 ◦C, the 
flow was switched to air (60 cm3 min− 1) at 100 ◦C, and the temperature 
was raised up to 550 ◦C at 5 ◦C min− 1 and kept isothermally for 1 h for 
the complete combustion of hard coke. For both TPS-N2 and TPO mea
surements, FTIR spectra were recorded every 5 min; and, simulta
neously, effluent gas was analyzed using a mass spectrometer (OmniStar 
ThermoStar) recording various mass per charge (m/z) signals related to 
hydrocarbons and CO2. 

3. Results 

The most significant results of this work focus on the characteriza
tion of coke, as the main responsible for catalyst deactivation; and, on 
the catalyst regeneration. The initial hypothesis, which is checked in this 
work, is that coke comprises two types of compounds, as previously 
established [23]: (1) soft coke, constituted by the oligomers confined in 
the catalyst porous structure (particularly in the matrix); and, (2) hard 
coke. This latter fraction of coke is more structured and will be formed 
by condensation and hydrogen transfer reactions, which are catalyzed 
by the acid sites of the HZSM-5 zeolite and will lead to the formation of 
polycyclic aromatic structures (mainly bicyclic and tricyclic aromatics) 
[33,43,44]. 

3.1. Effect of the reaction conditions on the catalyst deactivation 

The effect of the reaction conditions on the butene conversion and 
product yield and selectivity has been extensively studied in previous 
works at low pressure [21] and high pressure [22] conditions. Herein, 
we briefly report in Section S6 of the Supporting Information the effect 
of the reaction conditions on the catalyst stability (deactivation) to 
contribute for a better understanding of the main causes of deactivation. 

As an example of the extensive kinetic study, Fig. S2 shows the 

evolution with time on stream of the conversion of 1-butene for the 
catalysts prepared with different SiO2/Al2O3 ratios (graphs a and b, for 
low and high pressure, respectively) and tested under different tem
peratures (graph c) and pressures (graph d). The evolution with time on 
stream of the main oligomer yields (C8-C11

= , C5-C7
= and C12+

= ) under these 
conditions are shown in Figs. S3-S7. The interpretation of these results 
requires to firstly consider the effect of the variables studied on the re
action extent (which will affect the concentration of the compounds in 
the reaction medium) and on the aggregation state of the oligomer 
products as gas or liquid. 

As shown in Figs. S2a (1.5 bar) and S2b (40 bar), the highest decrease 
in butene conversion is observed for the lowest SiO2/Al2O3 ratio. This 
fact is attributed to the highest acid site density and acid strength of HZ- 
30 catalyst, which favors the formation of oligomers [21–23,45], which 
are partially confined in the catalyst. It should be noted that at low 
pressure conditions (Figure S2a), the deactivation level is lower at 325 
◦C than at 275 ◦C (Fig. S2c), which is related to a higher evaporation of 
oligomers; and, thus, to a lower confinement of these species in the 
catalyst. Furthermore, above 275 ◦C, secondary reactions (mainly 
cracking and hydrogen transfer) are favored, giving way to the forma
tion of lighter oligomers and paraffins, as we previously reported [21]. 
The reaction pressure (Fig. S2d) also plays a significant role on the 
catalyst stability, being the decrease of the butene conversion higher as 
the pressure is raised, due to the higher concentration of heavier olig
omers (as it will be seen later). Interestingly, the results for all the cat
alysts and tested conditions show a fast initial deactivation period, 
followed by a pseudo-steady state after 4− 5 h on stream, in which an 
almost constant remaining activity is kept (except for 40 bar (Fig. S2d)). 
This behavior has also been reported in the literature [18,20,28], and it 
is associated with a deactivation mechanism in which a 
pseudo-equilibrium state is reached in the deposition of the species 
responsible for deactivation. The effect of pressure and temperature 
could be related to the aggregation state of components in the reaction 
medium. At 225 and 275 ◦C and above 10− 20 bar, most of oligomers 
formed at the beginning of the reaction remain adsorbed in the catalyst 
in liquid phase, as previously checked by simulations in PRO II software 
(Table S2-S3). Such liquid oligomers will cause the blockage of the 
zeolite micropores and lead to a rapid deactivation at the beginning of 
the reaction. 

3.2. Soft coke 

The amount of soft coke in the spent catalysts has been determined 
by TPS-N2 at 200− 400 ◦C with a ramp of 10 ◦C min− 1. Under these 
conditions, the removed species are oligomers (soft coke) confined in the 
mesoporous matrix of the catalyst, whereas the most developed carbo
naceous species (hard coke), mainly confined in the micropores of the 
zeolite, would require higher temperatures for sweeping or even a 
combustion step for their removal. Fig. 1 shows the TPS-N2 profiles at 
different reaction pressures (Fig. 1a) and reaction temperatures 
(Fig. 1b). As seen, by increasing the reaction pressure the amount of soft 
coke notably increases from 5.7 wt% at 1.5 bar to 19.4 wt% at 40 bar, 
which could be related to the higher formation of heavy oligomers 
(Fig. S6) and to their lower volatility, which favor the confinement in the 
catalyst particle. 

Likewise, an increase in the reaction temperature (Fig. 1b) gives way 
to an increase of the soft coke content, from 9.5 wt% at 150 ◦C to 19.5 wt 
% at 275 ◦C. This effect is more significant above 200 ◦C, which is 
coherent with the higher amount of heavier oligomers formed at higher 
temperature (Fig. S7). Interestingly, the maximum temperature of the 
desorption peak shifts toward higher temperature (from 277.8 ◦C for 
150 ◦C to 317.7 ◦C for 275 ◦C) as the reaction temperature is raised. This 
could be related to the higher molecular weight of heavy oligomers that 
need higher temperatures for their sweeping [24]. 

In order to explore the nature of the removed species, we carried out 
the TPS-N2 of soft coke in a used HZ-30 catalyst sample (deactivated at 
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275 ◦C and 10 bar) using in situ FTIR spectroscopy of the used catalyst 
with simultaneous analysis of the gaseous effluent using MS. This 
sweeping treatment at the reaction temperature aims to simulate the 
sweeping of soft coke throughout the reaction. The evolution with 
increasing temperatures of the differential FTIR spectra (the spectrum of 
the deactivated catalyst is subtracted) is shown in Fig. S8. The main FTIR 
bands that show an evolution with increasing temperatures are those 
related to oligomers (1378, 1461, 1608, 2856, 2871, 2923, 2930, 2960 
cm− 1) and some bands also related to monocyclic aromatics (1504 and 
1608 cm− 1) [43]. The most prominent MS signals (Fig. 2a) correspond to 
characteristic fragments of oligomers (m/z = 28, 41, 43, 55, 57), while 
there is a slight presence of MS signals related to alkylated aromatics 
(m/z = 78, 91). The evolution with time (and increasing temperatures) 
of the derivative of the maximum intensity (dI/dt) of selected FTIR 
bands (1462, 1608, 2871 and 2960 cm− 1) (Fig. 2b) indicates the 
removal of these species and matches the evolution of the MS signals 
very satisfactorily. 

The results in Figs. 1 and 2 make evident that the majority of the 
carbonaceous materials on the catalysts are confined oligomers (soft 
coke), whose presence provides the coke with a high degree of hetero
geneity and thermal instability, making difficult the analysis of coke and 
used catalysts. Thus, when we compare the physical properties of the 
used catalysts (Table 1) with those of fresh catalysts (Table S1) we 
observe an apparent severe deterioration of the catalyst properties that 
does not correspond to the deactivation behavior shown in Fig. S2. An 
apparent full blockage of the micropores is observed for the HZ-30 and 
HZ-80 catalysts, and an almost full blockage for the HZ-280 catalyst 
after 10− 20 h on stream. Mesopore volume is also reduced, but to a 
lesser extent, suggesting that the pore blockage by coke formation is 
more pronounced in the micropores rather than in the mesopores, which 
is common in the zeolite based catalysts [26,33,35]. Thus, a substantial 
decrease in BET surface is observed for the used catalysts. It must be 
highlighted that the degree of pore blocking on HZSM-5 zeolite observed 

is not common for this zeolite in the conversion of hydrocarbons [46, 
47], oxygenates [5] and polyolefins [31,44], unless for full deactivation 
conditions. However, our catalysts have shown a stable remaining cat
alytic activity (Fig. S2). Therefore, this apparent pore blockage could be 
related to the presence of soft coke [33,35] that, under the conditions of 
the N2 adsorption-desorption analyses (-194 ◦C), have blocked the ac
cess of N2. However, under the reaction conditions, the remaining cat
alytic activity can be related with a certain degree of soft coke mobility, 
which could facilitate the access of butene to the acid sites. The difficulty 
on the analysis of spent catalysts in the presence of soft coke has also 
been reported by Henry et al. [48]. 

Likewise, the determination of the remaining acid properties in the 
used catalysts by using TPD-NH3 (Fig. 3) evidences that the presence of 
soft coke affects the measurements. The catalysts exhibit a sharp 
decrease in their total acidity respect to the one of fresh catalyst, where 

Fig. 1. Effect of pressure (a) and temperature (b) on the TPS-N2 profiles for the 
used HZ-30 catalyst. Reaction conditions: space time, 2 gcatalyst h molC− 1; (a) 275 
◦C; (b) 30 bar. 

Fig. 2. Evolution with time (and increasing temperatures) during the TPS-N2 of 
soft coke of the: (a) MS signals related to oligomers (m/z = 28, 41, 43, 55, 57) 
and alkylated aromatics (m/z = 78, 91). (b) Derivative of the maximum in
tensity (dI/dt) of selected FTIR bands (1462, 1608, 2871 and 2960 cm− 1). 
Reaction conditions: HZ-30 catalyst; 275 ◦C; 10 bar; space time, 2 gcatalyst 
h molC− 1. 

Table 1 
Physical properties of the catalysts used under different conditions. Reaction 
temperature, 275 ◦C. Sweeping conditions in the reactor before analysis: 275 ◦C 
(reaction temperature), 20 min.  

SiO2/ 
Al2O3 

molar 
ratio 

Reaction conditions SBET 

(m2 

g− 1) 

Smicro 

(m2 

g− 1) 

Vmeso 

(cm3 

g− 1) 

Vmicro 

(cm3 

g− 1) 
P 
(bar) 

W/ 
F0

a 
TOS 
(h) 

30 
1.5 6 20 73 0 0.22 0 
40 2 10 37 0 0.15 0 

80 
1.5 6 20 91 0 0.27 0 
40 2 10 50 0 0.16 0 

280 1.5 6 20 100 6 0.27 0.003 
40 2 10 66 0 0.22 0  

a in gcatalyst h molC− 1. 
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the strong acid sites (peak at high temperature), related to the Brönsted 
acid sites and preferentially located in the interior of the zeolite mi
cropores [26], are practically blocked. A substantial decrease in the acid 
sites of moderate and weak acidity (broad peak at lower temperature), 
which are present in the matrix, is also observed, but to a lesser extent in 
comparison to the strong acid sites. For the HZ-280 catalyst, with a low 
amount of acid sites, the remaining total acidity is very low. 

It should be noted that the apparent blockage of the acid sites is 
lower than the one observed for the micropore volume (Table 1). This 
difference could be explained because the diffusion of NH3 at the 
adsorption temperature (150 ◦C) will be presumably higher than that of 
N2 at -196 ◦C. 

3.3. Analysis of total coke 

3.3.1. GC/MS of soluble coke 
The chromatograms of the compounds extracted with CH2Cl2 from 

the total coke of used HZ-30 catalyst at 1.5 and 40 bar are depicted in 
Fig. S9. Under both reaction pressures, the identified compounds are 
mainly olefins and some methylated monocylic aromatics. These results 
are in good agreement with those species identified by TPS-N2/MS 
(Fig. 2). Particularly, at 40 bar, a high amount of retained hydrocarbons 
is observed, which consist of long chain alkenes up to C20, whose for
mation is favored at high pressure. In addition, the coke deposited at 1.5 
bar shows a higher amount of aromatic compounds, which can be 
formed by secondary reactions (cracking, hydrogen transfer) from 
shorter hydrocarbon chains than those formed at high pressure. 

3.3.2. FTIR spectroscopy 
Fig. 4 shows the two most important regions of bond vibration in the 

FTIR spectra of total coke deposited on the HZ-30 catalysts at 1.5 and 40 
bar. The vibrations in the region of 3200− 2700 cm− 1 mostly correspond 
to olefins (asymmetric and symmetric stretching) and monocyclic aro
matics, while the vibrations in the region of 1650− 1350 cm− 1 corre
spond to aromatics and some bending modes of aliphatics (olefins). A 
detail assignment of the observed bands based on the literature [31,32, 
43,49,50], is summarized in Table S4. 

An increase in reaction pressure gives way to a strong growth of CH2 
and CH3 absorption bands at 2960, 2927, 2870 cm− 1, 1462 and 1450 
cm− 1, corresponding especially to olefins [44,48,49,51]. Under both 
conditions, an intense band at 1608 cm− 1 is observed, which is char
acteristic of olefins too [44]. In the case of coke deposited at 1.5 bar, the 
bands at 1508 and 1572 cm− 1 are more pronounced, which is indicative 
of aromatic species present in the soluble fraction of hard coke, due to 
the secondary cracking and hydrogen transfer reactions. However, 
under both pressure conditions, the stretching bands of C–H for aro
matics (3000–3200 cm− 1) are not significant, which means that the 
aromatic structures should be highly alkylated [48]. 

Fig. 5 shows the FTIR spectra of coke deposited on the HZ-30 cata
lysts at 10 bar, before and after sweeping with N2 at 550 ◦C. As we 
previously reported using TPS-N2 of the used catalysts (Section 3.2), a 
great amount of retained oligomers (soft coke) are removed after this 
sweeping treatment, which is evidenced by the decrease in the in
tensities of the CH2 and CH3 absorption bands assigned to these species 
(2960, 2927, 2870 cm− 1, 1462 and 1450 cm− 1). Interestingly, a broad 
band at ~1570− 1590 cm− 1 is observed after sweeping, characteristic of 
more evolved polycyclic aromatic compounds remained as hard coke [8, 
47,50,52]. Although sweeping at high temperature (550 ◦C) is sufficient 
for removing soft coke, this procedure also modifies the structure of the 
remaining species, as a consequence of the phenomenon of coke aging in Fig. 3. Deterioration of the acidity (TPD-NH3 profiles) of the catalysts used 

under different conditions. (a) Different SiO2/Al2O3 of the zeolite, 275 ◦C, 1.5 
bar, 6 gcatalyst h molC− 1. b) Different pressure, 275 ◦C, 2 gcatalyst h molC− 1. c) 
Different temperature, 1.5 bar, 6 gcatalyst h molC− 1. Sweeping conditions before 
analysis: 275 ◦C (reaction temperature), 20 min. 

Fig. 4. Effect of pressure on the FTIR spectra of the used HZ-30 catalyst. Re
action conditions: 275 ◦C; space time, 6 gcatalyst h molC− 1. Sweeping of the 
catalyst before analysis: 275 ◦C (reaction temperature), 20 min. 
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which dehydrogenation and polymerization reactions take place [38, 
52]. These results highlight the importance of coke aging in the step of 
sweeping of soft coke, which should be taken into consideration for the 
catalyst regeneration. The notable recovery of the specific surface of the 
catalyst (238 m2 g− 1 after the sweeping treatment and 266 m2 g− 1 for 
the fresh catalyst) and its acidity (0.34 mmolNH3 g− 1 and 0.38 mmolNH3 
g− 1, respectively) gives evidence of the impact of soft coke on the 
catalyst activity loss. The main cause for not achieving a complete re
covery of the physical and acid properties is the presence of hard coke on 
the acid sites. In addition, we have also checked that the H/C ratio of 
coke before this high temperature sweeping treatment shows values of 
~1.9, which is coherent with the high content of oligomers (soft coke). 
After the sweeping treatment, the H/C ratio values decreases down to 
~0.75. 

3.4. Analysis of hard coke 

The amount of hard coke was determined by the TPO of the 
remaining species after the TPS-N2 (Section 3.2), and, therefore, after 
the removal of soft coke. Fig. 6 shows the effect of the reaction tem
perature on the TPO profiles for the HZ-30 catalyst used at 1.5 bar 
(Fig. 6a) and 40 bar (Fig. 6b). Two fractions of hard coke are distin
guished according to the combustion temperature: coke I, burning at low 
temperature (420− 440 ◦C), and coke II, burning at higher temperature 
(520− 550 ◦C). The presence of these coke fractions is common in 
different reactions catalyzed by HZSM-5 zeolites. Coke I is deposited in 
the catalyst matrix (mesoporous structure), which facilitates its com
bustion at lower temperatures, whereas coke II is deposited in the mi
cropores, and, therefore, its combustion takes place at higher 
temperatures because of the constrains imposed by shape selectivity [5, 
31,32]. 

It is important to highlight the high content of hard coke at 1.5 bar 
(Fig. 6a) coinciding with the low content of soft coke at this low pressure 
(Fig. 1a), which indicates that low pressures favor the formation of hard 
coke, due to secondary reactions of cracking and hydrogen transfer. At 
low pressure conditions (1.5 bar, Fig. 6a) it is noteworthy to mention the 
increase in total coke content and, particularly, in the amount of coke II 
as the temperature is raised, which is consistent with the higher velocity 
of oligomerization reactions and secondary reactions to form hard coke. 
The latter effect is especially relevant, in view of the increase in the peak 
of coke II observed while increasing temperature. This effect is also 
observed at 40 bar (Fig. 6b), but the lower coke content obtained under 
these conditions makes this comparison difficult. 

The amount of two coke fractions has been quantified by TPO 
analysis (Section S5). The results summarized in Table 2 give evidence of 
the higher reactivity of coke I (higher kinetic constant and lower 

apparent activation energy) in comparison to coke II. The increase in the 
activation energy of the combustion of coke I deposited at 1.5 bar as the 
reaction temperature is raised could be explained by the higher extent of 
the condensation reactions. This effect is not observed for coke II. The 
maximum apparent activation energy at 250 ◦C may indicate that above 
this temperature, and for the formation of this coke fraction, the pres
ence of light oligomers accessing the microporous structure rather than 
their higher condensation rate is more important. The effect of tem
perature on the volatility of coke precursors is attenuated at 40 bar, and, 
thus, at high pressure conditions, the kinetic parameters of coke com
bustion, and presumably coke composition, slightly vary in the 
225− 275 ◦C temperature range. 

Fig. 7 shows the TPO profiles corresponding to the combustion of 

Fig. 5. Effect of sweeping treatment with N2 (550 ◦C) on the FTIR spectra of the 
used HZ-30 catalysts. Operating conditions: 275 ◦C, 10 bar, 2 gcatalyst h molC− 1. 
Sweeping conditions before analysis: 275 ◦C (reaction temperature), 20 min. 

Fig. 6. Effect of reaction temperature on the TPO profiles for the combustion of 
the hard coke deposited on HZ-30 catalyst. Reaction conditions: (a) 1.5 bar, 6 
gcatalyst h molC− 1, TOS = 10 h. (b) 40 bar, 2 gcatalyst h molC− 1, TOS = 20 h. 
Sweeping conditions before analysis: 400 ◦C, 20 min. 

Table 2 
Effect of the reaction temperature on the hard coke content (Cc), coke I fraction 
(fc1) and on the kinetic parameters of the combustion of each hard coke fraction 
deposited on the HZ-30 catalyst at 1.5 bar and 40 bar and different reaction 
temperatures. The results correspond to the TPO profiles plotted in Fig. 6.  

T 
(◦C) 

Cc (wt 
%) 

fC1 

(%) 

Coke I Coke II 

k1 (atm− 1 

h− 1) 
E1 (kJ 
mol− 1) 

k2 (atm− 1 

h− 1) 
E2 (kJ 
mol− 1) 

1.5 bara 

225 1.39 88.8 21 ± 3 45 ± 1 7 ± 1 162 ± 18 
275 2.13 78.2 22 ± 2 55 ± 1 9 ± 1 217 ± 12 
325 6.21 52.2 48 ± 3 62 ± 1 9 ± 0 119 ± 4 
40 barb 

225 1.05 87.5 25 ± 3 68 ± 5 3 ± 1 244 ± 33 
250 1.13 71.9 22 ± 5 58 ± 4 4 ± 1 230 ± 13 
275 1.52 73.4 21 ± 4 68 ± 9 4 ± 1 221 ± 13  

a space time, 6 gcatalyst h molC− 1. 
b space time, 2 gcatalyst h molC− 1. 
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hard coke deposited on the HZ-30 catalyst under different pressure 
conditions. A raise in pressure gives way to a decrease in hard coke 
deposition, as summarized in Table 3, from 2.91 wt% (1.5 bar) to 1.52 
wt% (40 bar). This could be linked to the lower concentration of butene 
and volatile light oligomers in the reaction medium, which are pre
sumably more active in the formation of hard coke. Furthermore, the 
higher content of soft coke would partially suppress the reactions of hard 
coke formation, as the diffusion of butene and volatile light oligomers 
and their contact on acid sites will be hindered by the components in 
liquid phase. 

It must be noted that the hard coke content in Tables 2 and 3 is lower 
than that reported by Coelho et al. [18] for the oligomerization of 
1-butene on a HZSM-5 zeolite of SiO2/Al2O3 = 30 for TOS of 21 min and 
a butene partial pressure of 0.5 bar. This could be related to the 
agglomeration of the zeolite (50 wt%) on a matrix, while they used a 
pure zeolite as catalyst. Moreover, the severe conditions of the sweeping 
step (TPS-N2) prior to the TPO measurements in this work condition the 
composition of remaining hard coke and its combustion. 

The TPO of hard coke in the HZ-30 catalyst (deactivated at 275 ◦C 
and 10 bar and swept by TPS-N2) was also studied by using in situ FTIR 
spectroscopy and with simultaneous analysis of the gaseous effluent 
using MS. During this experiment, we observed the evolution of the FTIR 
bands related to aromatics (1462 and 1572 cm− 1) and some aliphatics 
corresponding to oligomers or substituents of aromatics (1378, 2871, 
2930, 2960 cm− 1). Fig. 8 shows the evolution with time (and increasing 
temperature) of the MS signal corresponding to CO2 (m/z = 44) (Fig. 8a) 
and of the derivative of the maximum intensity (dI/dt) of selected FTIR 
bands (1378, 1462, 1572 and 2871 cm− 1) (Fig. 8b). Regarding the 
evolution of these bands, first, the lighter components of hard coke 
(2871 cm− 1) are removed by combustion at lower temperatures giving 
rise to the CO2 signal. These components have an aliphatic nature and 
may be attributed to remaining oligomers or substituents of aromatics 
that are easily removed at the TPO conditions. Second, the bands 
characteristics of aromatics (1378, 1462 and 1572 cm− 1) show a nega
tive evolution at lower temperatures (at the time that the lighter species 

are removed) and a positive evolution at higher temperatures. The 
negative evolution indicates that these species partially evolve in the 
catalyst without being removed yet, indicating the occurrence of an 
aging process that leads to the formation of more developed/condensed 
polycyclic aromatics [38,52]. Upon further increases of the temperature 
(heating ramp), these species show a positive evolution indicating that 
they are eventually removed by combustion. 

3.5. Catalyst regeneration 

A key factor in the feasibility of the butene oligomerization is the 
catalyst regeneration for the use in successive reaction-regeneration 
cycles with a reproducible behavior. Although a complete combustion 
of deposited coke has been observed at 575 ◦C in the TPO analysis 
(Section 3.3), the total recovery of the catalytic activity (catalyst 
regeneration) must be checked. Hence, reaction-regeneration cycles 
have been performed, following the procedures described in Section 2.2 

According to the TPS-N2 results of the used catalysts (Section 3.2), 
soft coke can be easily removed after sweeping. Hence, a regeneration 
strategy based on sweeping with N2 (40 cm3 min− 1) at 400 ◦C for 1 h has 
been analyzed. We have checked that this is the minimum temperature 
for totally removing soft coke, in agreement with the TPS-N2 profiles 
shown in Fig.3. This sweeping is a prior step to coke combustion, aiming 
to remove most of the compounds confined within the catalyst porous 
structure, whose uncontrolled combustion may generate hot spots and 
irreversible deterioration of catalyst acidity. The results corresponding 
to the reaction-sweeping cycles for a HZ-30 catalyst under severe 
deactivation conditions are plotted in Fig. 9. As observed, by removing 
confined oligomers the initial activity is almost recovered as well as the 
initial product yield. This observation reveals that the main cause of the 
catalyst deactivation observed in the early stages of the reaction is the 

Fig. 7. Effect of pressure reaction on the TPO profiles for the coke deposited on 
HZ-30 catalyst. Reaction conditions: 275 ◦C, 2 gcatalyst h molC− 1; TOS = 20 h. 
Sweeping conditions before analysis: 400 ◦C, 20 min. 

Table 3 
Effect of reaction pressure on the hard coke content (Cc), coke I fraction (fc1) and 
on the kinetic parameters of the combustion of each coke fraction deposited on 
the HZ-30 catalyst. The results correspond to the TPO profiles plotted in Fig. 7.  

Pressure 
(bar) 

Cc 

(wt 
%) 

fC1 

(wt 
%) 

Coke I Coke II 

k1 (atm− 1 

h− 1) 
E1 (kJ 
mol− 1) 

k2 (atm− 1 

h− 1) 
E2 (kJ 
mol− 1) 

1.5 2.91 78.2 22 ± 2 55 ± 1 9 ± 1 217 ± 12 
20 1.83 85.8 34 ± 5 48 ± 2 7 ± 1 230 ± 11 
40 1.52 73.4 21 ± 4 68 ± 9 4 ± 1 221 ± 13  

Fig. 8. Evolution with time (and increasing temperatures) of the: (a) CO2 MS 
signal. (b) Derivative of the maximum intensity (dI/dt) of selected FTIR bands, 
during the TPO analysis of the hard coke deposited on HZ-30 catalyst. Reaction 
conditions: 275 ◦C, 10 bar, 2 gcatalyst h molC− 1, TOS = 20 h. Sweeping conditions 
before analysis: 400 ◦C, 20 min. 
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confinement of oligomers (soft coke). Around 90 % of the carbonaceous 
species retained on the spent catalysts can be attributed to this soft coke. 
The incomplete recovery of the initial activity may be caused by the 
presence of hard coke formed during the reaction and by the aging of 
soft coke to form hard coke under sweeping at high temperature [38, 
52]. Thus, hard coke that remains after sweeping (Section 3.3) will 
require a subsequent combustion step for its complete removal. 

Fig. 10 shows the evolution with time on stream of butene conver
sion and of the yields corresponding to the main olefin fractions (C5-C7

=, 
C8-C11

= and C12
+ ) with the fresh catalyst (Fig. 10a) and after a regeneration 

treatment (Fig. 10b) based on the combustion of coke with a continuous 
flow of air (40 cm3 min− 1), following a heating ramp of 10 ◦C min− 1 

from 275 ◦C up to 500 ◦C (at which the CO2 formation is negligible). As 
seen, the catalyst recovers its activity and the evolution of conversion 
and olefin yields with time on stream with the regenerated catalyst are 
similar to those obtained with the fresh catalyst. These results give also 
evidence of the high hydrothermal stability of this catalyst. It must be 
pointed out that the degradation of the acidic sites in the regeneration 
(by dehydroxylation of Brönsted sites to Lewis) is avoided, as the cata
lyst calcination temperature for its equilibration (575 ◦C) is not excee
ded during regeneration (at 500 ◦C) [53,54]. Furthermore, the 
agglomeration of the zeolite with a matrix favors the dissipation of the 
heat generated during the coke combustion. 

4. Conclusions 

The use of different techniques for the analysis of the spent catalysts 
in a wide range of reaction conditions has allowed us to obtain a general 
view of the complex phenomenon of catalyst deactivation in the oligo
merization of olefins. The results presented in this work correspond to 

the oligomerization of 1-butene on HZSM-5 zeolites embedded in a 
mesoporous matrix of γ-Al2O3 and α-Al2O3, but the conclusions are of 
general interest for making progress on the improvement of the catalyst 
stability for the oligomerization of other olefins. 

The main cause of catalyst deactivation is the blockage of the pores of 
the matrix and the zeolite by soft coke that is composed of oligomers that 
are the primary reaction products. The reaction pressure and tempera
ture influence the formation rate, composition and aggregation states 
(liquid or gas) of these oligomers, which affects their capacity of being 
confined in the porous structure. Furthermore, it also contributes to the 
catalyst deactivation the presence in the matrix and in the zeolite mi
cropores of hard coke. This coke is constituted by olefinic and aromatic 
species that are formed by secondary reactions catalyzed by the acid 
sites (in which the hydrogen transfer reaction plays a key role). The 
sweeping of soft coke with an inert gas (N2) at high temperature also 
contributes to the formation of this hard coke by an aging phenomenon. 
The combustion of the hard coke fraction in the catalyst matrix is 
favored by the accessibility of air into the mesoporous structure and 
probably by the more hydrogenated and less structured nature of this 
coke. The amount of hard coke deposited in the zeolite micropores is 
lower (which is characteristic for HZSM-5 zeolites), and as a higher 
combustion temperature, a lower kinetic constant and a higher apparent 
activation energy for its combustion in comparison to the combustion of 
hard coke deposited in the matrix. 

A catalyst regeneration procedure based on sweeping with an inert 
gas at high temperature almost totally recovers the catalyst activity. 
However, a complete catalyst regeneration requires the combustion of 
coke with air at a relative low temperature (500 ◦C). Hence, a repro
ducible behavior of the catalytic performance in successive reaction- 
regeneration cycles has been achieved in the oligomerization of 1- 

Fig. 9. Evolution of butene conversion and C5- C7
=, C8-C11

= and C12
+ fraction yield 

with time on stream in a reaction-sweeping cycle on HZ-30 catalyst. (a) First 
reaction (fresh catalyst); (b) Second reaction (regenerated catalyst). Reaction 
conditions: 250 ◦C, 40 bar, 1 gcatalyst h molC− 1. Regeneration conditions: 
Sweeping with a continuous flow of N2 at 400 ◦C (40 cm3 min− 1). 

Fig. 10. Evolution of butene conversion and C5- C7
=, C8-C11

= and C12
+ fraction 

yield with time on stream in a reaction-regeneration cycle on HZ-30 catalyst. 
(a) First reaction (fresh catalyst); (b) Second reaction (regenerated catalyst). 
Reaction conditions: 275 ◦C, 40 bar, 2 gcatalyst h molC− 1. Regeneration condi
tions: Coke combustion with a continuous flow of air (40 cm3 min− 1), following 
a heating ramp of 10 ◦C min− 1 from 275 ◦C up to 500 ◦C. 
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butene. 
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