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A B S T R A C T   

The oligomerization at low pressure of diluted ethylene coming from secondary streams is an attractive route for 
hydrocarbon production, by means of a low cost and energy efficient process. To evaluate the viability of this 
process, the effect of dilution with N2 or syngas on the low-pressure oligomerization of ethylene (1.5 bar) was 
studied on a catalyst prepared with a HZSM-5 zeolite agglomerated in a mesoporous matrix of α- and γ-Al2O3, 
aiming to produce C5+ hydrocarbons (gasoline). The experiments were performed in a fixed bed reactor at 325 ◦C 
and a space time of 10.6 gcatalyst h molC− 1. For an ethylene partial pressure of 0.33 bar, conversion surpassed 80 % 
and high C5+ hydrocarbon yield was obtained: >40 % with N2 as diluent; and, >30 % with syngas. The greater 
effect of syngas dilution on suppressing the formation of aromatics is explained by the role of H2 in decreasing 
the extent of dehydrocyclization reactions. The dilution of ethylene limits the extent of the reaction stages, but it 
also attenuates the stages for coke formation, by facilitating the diffusion of soft coke in the mesoporous matrix 
and contributing to decrease the deposition of hard coke in the zeolite micropores. Consequently, a pseudo- 
steady state of the catalyst is reached with a notable remnant activity for the formation of higher hydrocarbons.   

1. Introduction 

In the transition period towards the general use of renewable en-
ergies, the fulfillment of the decarbonization commitment by the 
developed countries calls for the improvement of new processes to 
produce fuels and chemicals from sustainable sources and to intensify 
the valorization of fossil fuels (Rissman et al., 2020; Zhang et al., 2022). 
In this scenario, the oligomerization of light olefins to liquid fuels is 
presented as an attractive opportunity to valorize streams in which these 
olefins are present, although their dilution makes uneconomical their 
separation to be used as feedstock in the synthesis of polyolefins. This 
situation is related to surplus gas streams in natural gas (Ghashghaee, 
2018) and dry gas from refinery fluidized catalytic cracking (FCC) units 
(Palos et al., 2020), where the destination of the diluted ethylene present 
is energy recovery. Similarly, in the fast pyrolysis of polyolefinic plas-
tics, the light olefins produced are diluted in the N2 used as inert gas 
(Artetxe et al., 2012). Also, in the hydrogenation of syngas or CO2 to 
olefins (by the modified Fischer-Tropsch routes and with methanol as 
intermediate), light olefins are diluted with H2, CO, CO2 and methane 
(Portillo et al., 2022). Additionally, ethylene is also diluted in the 

oxidative coupling of methane (OCM) product stream (Liu et al., 2022). 
The on-line oligomerization of ethylene in these streams into liquid 
fuels, without the inherent costs of separation and avoiding compres-
sion, is an interesting initiative in the context of process intensification 
strategies, with the improvement of energy efficiency and its economy as 
main goals (Kriván et al., 2016; Moioli, 2022). 

The technologies for the oligomerization of light olefins operate at 
elevated pressure, and among them, the one based on the use of HZSM-5 
based catalysts is well established, with the historical reference of the 
Mobil Olefins to Gasoline and Distillate (MOGD) process (Quann et al., 
1988; Tabak et al., 1986). The characteristic micropores of the MFI 
structure of HZSM-5 zeolite (with a high degree of connection between 
the channels and without cages in the intersections) facilitates the 
diffusion of light olefins and the development of the carbocationic 
mechanism of oligomerization, by also limiting the confinement of the 
oligomers. In addition, the acidity of the HZSM-5 zeolite can be modu-
lated to favor the selective production of higher olefins or fuels with a 
reduced content of aromatics (Mlinar et al., 2012; Corma et al., 2013). 
To explain the role of the acid sites, Jin et al. (2021) proposed a detailed 
kinetic model, where the activity of the zeolite for the individual 
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reactions is related to the presence of acid sites of different acidic 
strength. 

The aforementioned studies in the oligomerization of ethylene have 
been performed at high pressure and by paying little attention to catalyst 
deactivation. Studies of ethylene oligomerization at low pressure and 
with presence of diluents haven been mainly directed to the conversion 
of bioethanol into hydrocarbons, where ethylene is considered as a real 
reactant because it is rapidly formed at the reactor inlet by dehydration 
of bioethanol. These studies have shown the notable impact of dilution 
on product distribution and on catalyst deactivation (Gayubo et al., 
2001; Aguayo et al., 2002; Ding et al., 2009; Andrei et al., 2020; Fer-
nandes et al., 2020, 2021). Through the characterization of the occluded 
intermediates (Johansson et al., 2009) and with different techniques 
(isotopic labeling, temporal analysis of products, and ab initio micro-
kinetic modeling) (Van der Borght et al., 2016; Batchu et al., 2017; Zeng 
et al., 2022), a dual cycle mechanism, similar to that established for the 
conversion on methanol to hydrocarbons, with olefins and aromatics 
(alkylbenzenes) as intermediates in each cycle, has been justified for 
bioethanol conversion. 

Particularly, ethylene conversion to higher hydrocarbons is hindered 
by the limited reactivity of this olefin, which is lower than that of other 
olefins of higher molecular weight (Garwood, 1983). Therefore, a higher 
temperature is needed than the one required for the oligomerization of 
propylene or butenes, which favors the extent of secondary reactions of 
cracking and coke deposition. Consequently, a challenge in the oligo-
merization of ethylene on HZSM-5 based catalysts is the attenuation of 
catalyst deactivation. The cause of this deactivation is the retention of 
oligomers in the micropores of the catalyst and their evolution towards 
polyaromatic structures, blocking the acid sites and micropores of the 
zeolite (Monama et al., 2020). In a previous study (Díaz et al., 2020a) 
the good behavior of a HZSM-5 based catalyst with a hierarchical porous 
structure in the oligomerization of 1-butene at 1.5 bar was studied. 

In this work the oligomerization of ethylene diluted with N2 or with 
syngas has been studied at reduced pressure (1.5 bar) aiming to deter-
mine the effect of ethylene partial pressure and of the nature of the 
diluents on the conversion and yield of the product fractions, and on the 
deactivation of the catalyst (a HZSM-5 zeolite agglomerated in a mes-
oporous matrix). It has been previously proven that the presence of the 
matrix is a key feature to improve the stability of the HZSM-5 zeolite 
(Díaz et al., 2020b; Tabernilla et al., 2023), whose overall good per-
formance in the oligomerization of light olefins is well established in the 
literature (Li et al., 2017; Chen et al., 2020). It is remarkable that the 
presence of a mesoporous matrix facilitates the diffusion of the oligo-
mers towards the exterior of the catalyst particle, by avoiding the total 
blockage of the zeolite micropores and attenuating the extent of olig-
omer condensation into polyaromatic structures of hard coke. This effect 
of the matrix enables the catalyst to reach a pseudo-steady state with a 
substantial remnant activity, as it has been previously proven in the 
conversion of oxygenates into olefins (Pérez-Uriarte et al., 2016) and in 
the oligomerization of 1-butene (Díaz et al., 2021). Special attention has 
been paid in this work to the production of C5+ hydrocarbons and to 
their composition, due to the interest of being added into the refinery 
gasoline pool. The monitoring of the evolution of the results with the 
time on stream and the analysis of the nature and location of the coke 
has allowed to determine the effect of the dilution on attenuating the 
deactivation and on facilitating a pseudo-steady state of the catalyst 
with remarkable activity. The results are of interest for the valorization 
of diluted ethylene-containing streams from different processes for hy-
drocarbon production from sustainable sources. 

2. Experimental 

2.1. Catalyst preparation and characterization 

The procedure for catalyst preparation and characterization is re-
ported in detail elsewhere (Díaz et al., 2020b; Tabernilla et al., 2023). In 

the preparation of the catalyst, a HZSM-5 zeolite (Zeolyst International, 
SiO2/Al2O3 molar ratio of 30) was agglomerated with pseudoboehmite 
(Sasol Germany, 32 wt%) as binder and a colloidal dispersion of α-Al2O3 
(Alfa Aesar, 18 wt%) as inert filler. It should be mentioned that the 
colloidal nature of the filler facilitates the preparation by increasing the 
homogeneity of the mixture. The catalyst particles were obtained by 
extrusion of the mixture of these materials, and the extrudates were first 
dried at room temperature (24 h) and later in an oven at 110 ◦C (24 h). 
Subsequently, the particles were sieved to a particle size range between 
0.12 and 0.3 mm (suitable for its use in a fixed bed reactor). Prior to its 
use, the catalyst is calcined at 575 ◦C for 2 h (heating ramp of 5 ◦C 
min− 1). After this calcination, the zeolite adopts its acid form and it is 
hydrothermally stable (property required to recover its acidity in suc-
cessive reaction-regeneration cycles for coke combustion). Moreover, 
during this calcination step the pseudoboehmite is converted into 
γ-Al2O3. Note that the method for the agglomeration of the zeolite and 
the nominal composition of the composite (50 wt% zeolite/32 wt% 
γ-Al2O3/18 wt% α-Al2O3) is suitable to obtain a high mechanical 
strength, by almost keeping zeolite properties (Pérez-Uriarte et al., 
2016). Thus, a higher content of binder and filler gives way to a sub-
stantial decrease in zeolite properties, due to the partial blockage of the 
micropore mouths. 

The physical properties (BET surface area, micro- and mesopore 
volume and distribution) and the acid properties of the fresh zeolite, the 
matrix and catalyst are shown in Table 1. The properties of the matrix 
gathered in Table 1 correspond to a composite of γ-Al2O3/α-Al2O3, 
prepared by the former procedure for catalyst preparation, but in the 
absence of zeolite. The physical properties were determined by N2 
adsorption-desorption (Fig. S1 in the Supporting Information) in a 
Micromeritics ASAP 2010. The acid strength of the catalyst was deter-
mined by adsorption-desorption of NH3 in a calorimeter Setaram TG- 
DSC 111, with a Harvard injection pump, coupled to a mass spectrom-
eter Balzers Instruments. Prior to analysis, the samples were swept with 
He (80 cm3 min− 1) at 500 ◦C for 1 h. Then, the temperature was stabi-
lized at 150 ◦C with a flow rate of He of 20 cm3 min− 1. At these con-
ditions, the saturation of the sample was carried out by injection of NH3 
(50 cm3 min− 1). After the saturation of the sample, the physically 
adsorbed molecules were removed with He (20 cm3 min− 1) at 150 ◦C. 
Finally, a temperature-programmed desorption (TPD) was performed by 
heating up the sample up to 550 ◦C with a heating rate of 5 ◦C min− 1 in a 
flow rate of He of 20 cm3 min− 1, recording at the same time the signal of 
NH3. The procedure was also reproduced in an Autochem 2920 equip-
ment to ascertain the NH3-TPD profiles (Fig. S2). 

In order to deepen in the identification of the type of acid sites in the 
samples (Brønsted and Lewis acid sites) pyridine adsorption was carried 
out at 150 ◦C using a Nicolet 6700 apparatus equipped with a Specac 
catalytic chamber. A tablet of ~10 mg of sample (zeolite or catalyst) was 
prepared by grinding and pressing the grains at 10–12 ton cm− 2 for 15 
min. The tablet was introduced in the catalytic chamber and was sub-
mitted to a heat pretreatment at 550 ◦C with a heating rate of 10 ◦C 
min− 1, under vacuum, to eliminate impurities. Then, temperature was 
cooled down to 150 ◦C and the signal was recorded with a frequency of 
2 min− 1. The results are gathered in Fig. S3. 

Table 1 
Physical and acid properties of the matrix, HZSM-5 zeolite and catalyst.   

Matrix Zeolite Catalyst 

Physical properties 

SBET (m2 g− 1) 147 356 281 
Smicro (m2 g− 1) 0 275 160 
Vmeso (cm3 g− 1) 0.41 0.11 0.30 
Vmicro (cm3 g− 1) 0 0.11 0.07 

Acid properties 
Total acidity (μmol NH3 g− 1) 107 686 362 
Acid strength (kJ molNH3

− 1 ) 50 150 110 
BAS/LAS ratio 0 4.3 3.4  
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As observed in Table 1, the presence of the matrix increases the pore 
volume with respect to the zeolite due to the contribution of the matrix 
mesopores. Furthermore, the impact of the matrix on the acidity is the 
decrease of the total acidity and the average acid strength of the sites, 
due to the limited acidity of the sites (weak only) of the γ-Al2O3 in the 
matrix. 

2.2. Reaction equipment and conditions 

Ethylene oligomerization runs were carried out in a reaction equip-
ment shown in Fig. S4 and described in detail elsewhere (Tabernilla 
et al., 2023). The reactor is a 316 stainless-steel fixed-bed reactor (in-
ternal diameter of 9 mm and an effective length of 100 mm). To ensure a 
constant height of 1.5–2 cm, the catalytic bed is formed of catalyst and 
inert solid (SiC). To avoid condensation problems, the gas product 
stream is heated up to 110 ◦C and it is analyzed online in an Agilent 
300A MicroGC gas-chromatograph, which is equipped with the 
following columns: i) Molecular sieve (MS-5A) to quantify O2, N2, H2, 
CO, CH4, CO2; ii) Porapak Q (PPQ) for oxygenated compounds, CO2, 
light olefins (C2

=-C3
=) and water; iii) Alumina for light hydrocarbons up to 

C4, and; iv) OV-1 type column for higher hydrocarbons. Gas product 
stream was analyzed every 4 min. Liquid products (C5–C20, with insig-
nificant contents of retained C3 and C4 compounds) collected in different 
periods of time on stream were analyzed ex-situ in a GC × GC/MS 
(Agilent 5975C Series GC/MSD) equipment coupled on-line with an XL 
MSD mass spectrometer equipped with a FID detector, a non-polar col-
umn (DB-5MS, 30 m × 0.25 mm × 0.25 μm), and a polar column 
(HP-INNOWAX, 5 m × 0.25 mm × 0.15 μm). For the analysis a 2 ◦C 
min− 1 heating rate was used from 40 ◦C to 200 ◦C (constant for 4 min). 
Detailed information on the analysis is described in Section S3 in the 
Supporting Information. 

Typically, the reactions were carried out at: 1.5 bar; 325 ◦C; space 
time, 10.6 gcatalyst h molC− 1 (corresponding to a catalyst mass of 1 g and 
an ethylene molar flow rate of 37 ml min− 1); ethylene concentration in 
the feed, 20–80 % (using 99.999 % ethylene, Air Liquide); ethylene 
partial pressure in the feed, 0.33–1.18 bar, using as diluents N2 and 
syngas (H2/CO molar ratio of 3/1); and, time on stream (TOS), 5 h. 
These conditions have been established based on the results obtained in 
a prior work where the same catalyst was used in the oligomerization of 
pure ethylene (Tabernilla et al., 2023). 

The results were evaluated in terms of ethylene conversion (X), yield 
(Yi) and selectivity (Si) of each lumped product, which are defined in 
Eqs. (1)–(3), respectively. 

X =
F0 − F

F0
⋅100 (1)  

Yi =
Fi

F0
⋅100 (2)  

Si =
Fi

F0 − F
⋅100 (3)  

where F0 and F, are the molar flowrate of ethylene in the feed and in the 
outlet stream, while Fi is the flowrate of i lump in the outlet stream. All 
flowrates in Eqs. (1)–(3) are expressed in content C units. 

The following main lumps have been defined: C3
= and C4

= olefins, C4 
paraffins, C5-7 aliphatics (mainly paraffins) and C5+ (gasoline) fraction 
(including olefins, paraffins and aromatics). No methane has been 
detected under the operating conditions studied. 

2.3. Used catalyst characterization 

After each reaction, the catalytic bed was swept with 30 cm3 min− 1 

of N2 at the reaction temperature (325 ◦C) for 30 min in order to ensure 
the reproducibility of the used catalyst characterization analyses. The 
content and nature of the different types of coke (soft coke and hard 

coke) were determined by temperature-programmed sweeping with N2 
(N2-TPS) followed by temperature-programmed oxidation (TPO) anal-
ysis, respectively, using a TGA Q5000TA thermobalance (Thermo Sci-
entific) equipment. 

For the N2-TPS analysis, the used catalyst samples (~15 mg) were 
treated with N2 (50 cm3 min− 1) heating up the sample up to 350 ◦C with 
a heating rate of 10 ◦C min− 1 and kept for 20 min, to sweep the soft coke 
confined in the catalyst pores. Subsequently, the TPO analyses of the 
remaining coke fraction (hard coke) were carried out with air (50 cm3 

min− 1), up to 700 ◦C (2 ◦C min− 1) and kept for 1 h (to ensure the 
complete combustion of the hard coke formed inside the zeolite 
channels). 

3. Results 

3.1. Conversion and product yield 

Fig. 1 shows the effect of ethylene partial pressure in the reactor inlet 
feed, diluted in N2 (Fig. 1a) and in syngas (SG) (Fig. 1b), on ethylene 
conversion and product yield (C3

= and C4
= olefins, C4 paraffins, C5-7 ali-

phatics (mainly paraffins), and C5+ (gasoline) hydrocarbons) at zero 
time on stream (first sampling at 4 min). An increase in ethylene partial 
pressure in the feed upturns the conversion (above 80 % at all condi-
tions), which is coherent with the literature on the conversion of light 
olefins on HZSM-5 catalysts, by increasing the same variable (Lin et al., 
2009; Fernandes et al., 2020), or the absolute pressure (Ding et al., 
2009). The increase of ethylene conversion caused by a raise in ethylene 
partial pressure is associated with a greater amount of reagent available 
at zeolite active sites. The main difference between the results with the 
two diluents is that with syngas dilution (Fig. 1b) the complete con-
version is not reached and the yield of C5+ hydrocarbons is notably 
lower. Considering that the yield of C5-7 aliphatics is similar, the dif-
ference in the yield of C5+ hydrocarbons is due to the attenuation of 
aromatic formation with syngas as diluent. The explanation lies in the 
attenuation of the extent of the dehydrocyclization reactions of 
ethylene, propylene and butenes, the latter two having a relevant role as 
highly reactive intermediates in the oligomerization of ethylene over 
HZSM-5 catalysts (Fernandes et al., 2020). 

For both diluents, the yield of butenes (C4
=, formed by ethylene 

dimerization and intermediates in the formation of higher olefins) and 
propylene (C3

=, product of cracking by β-scission of higher oligomers) 
decreases with increasing ethylene partial pressure in the reactor inlet 
stream. It should be noted that this effect of ethylene partial pressure is 
used to maximize propylene selectivity from ethylene conversion on 
HZSM-5 catalysts (Lin et al., 2009). 

3.2. Catalyst deactivation 

Under kinetic regime conditions (not excess of catalyst), ethylene 
conversion decreases with time on stream due to catalyst deactivation. 
Increasing ethylene partial pressure in the feed, it is observed that under 
these conditions the deactivation is faster, being this effect more rele-
vant in Fig. 2b (with syngas as diluent) than in Fig. 2a (with N2). This 
effect cannot be observed in Fig. 2 as the decrease in conversion is 
insignificant. However, it is more evident on the evolution of product 
distribution (Fig. 3) as later commented. The increase in the deactiva-
tion rate is explained because an increase in ethylene partial pressure 
favors the extent of the formation of oligomers that are retained in the 
pores of the catalyst, and thus, the extent of reactions for coke formation, 
as checked in Section 3.4. 

A slightly lower deactivation was also observed with H2 as diluent, 
which can be attributed to the role of H2 in attenuating the rate of 
dehydrocyclization reactions of olefins with formation of coke. It should 
be noted that Andrei et al. (2020) observed a more important effect of 
deactivation attenuation in the oligomerization of diluted ethylene by 
the presence of H2, but working at 15 bar. In Section 3.2 an explanation 
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on deactivation is given, in which the role of occluded oligomers and 
coke of catalytic origin are distinguished. 

It is remarkable in the dynamics of deactivation in Fig. 2 that after an 
initial period of rapid deactivation the conversion results in Fig. 1 are 
almost constant. In the initial rapid deactivation, the oligomers occluded 
in the catalyst block the access of ethylene and of the reaction in-
termediates to the zeolite micropores, and so, hamper the formation and 
subsequent diffusion of the oligomers towards the exterior (Mlinar et al., 
2012; Díaz et al., 2020a; Bickel and Gounder, 2022). Aiming to mini-
mize the deactivation in this initial period, Corma et al. (2013) checked 
for the interest of generating mesopores within the zeolite to attenuate 
the blockage of the micropores. The presence of a mesoporous matrix is 
disclosed as an efficient strategy for the diffusion of the oligomers to-
wards the exterior of the catalyst particle (Díaz et al., 2021). The results 
in Fig. 2 show the effectiveness of zeolite agglomeration in a mesoporous 
matrix to minimize the initial deactivation by pore blockage, which 
enables to reach a pseudo-steady state of the catalyst with a remarkable 
remnant activity. Under this state, the deactivation of the catalyst is slow 
and it is related to the evolution of the retained oligomers towards 
polyaromatic condensed coke structures through condensation reactions 
(Halmenschlager et al., 2016). These reactions are catalyzed by acid 
sites, where Brønsted sites play a key role (Zhang et al., 2020), by the 
well-established mechanisms with aromatics as main intermediates 
(Guisnet and Magnoux, 2001; Chung et al., 2011; Ibáñez et al., 2017; 
Cordero-Lanzac et al., 2018). In Fig. S5 the evolution of ethylene con-
version is compared for the zeolite and the agglomerated catalyst. 

The effect of ethylene dilution on the evolution with time on stream 
of the main product distribution is shown in Fig. 3 (for N2 as diluent) and 
Fig. 4 (for syngas). As observed, this dilution attenuates catalyst 

deactivation and it has an impact on product distribution, due to: (i) the 
lower availability of catalyst acid sites for oligomerization and side re-
actions; and, (ii) the diffusion limitations due to the presence of coke in 
the porous structure of the catalyst. Thus, the yields of higher molecular 
weight products (quantified as C5-7 and C5+ in Fig. 3d and e and 4d, e) 
decrease with time on stream, while the yields of the intermediate ole-
fins, butenes (Fig. 3b and 4b) and propylene (Fig. 3a and 4a) increase. 
The growing trend in the yield of these olefins with time on stream in-
dicates that catalyst deactivation affects in a major extent their oligo-
merization to higher olefins than their formation, by ethylene 
dimerization in the case of butenes and by β-scission of higher olefins in 
case of propylene (Fernandes et al., 2020, 2021). For the highest dilution 
(ethylene partial pressure in the feed of 0.33 bar), the constant yield of 
these olefins with time on stream can be attributed to a balance between 
the effect of deactivation on the reactions for their formation and con-
version. The attenuation of the rate of hydrogen transfer reactions with 
catalyst deactivation is evidenced by the decrease of butane yield with 
time on stream (Fig. 3c and 4c), which is considered an index of the 
extent of these reactions, catalyzed by the acid sites of the HZSM-5 
zeolite (Zhang et al., 2020). 

Comparing the results with the two diluents in Figs. 3 and 4, the 
difference in the evolution of C5+ hydrocarbon yield with time on stream 
is striking. The lower initial yield and the less pronounced decrease of 
this yield with time on stream when syngas is used for dilution (Fig. 4e) 
in comparison to N2 (Fig. 3e), is attributable to the greater attenuation of 
the extent of the reactions for aromatic formation by the presence of H2, 
due to the shift of the dehydrocyclization reactions of olefins (Andrei 
et al., 2020). This result ratifies the role attributed to aromatics as coke 
precursors, which are responsible for catalyst deactivation (Mlinar et al., 

Fig. 1. Effect of ethylene partial pressure in the feed on its conversion and on the yield of the main lumped products for different diluents: a) N2 and b) Syngas (SG). 
Reaction conditions: 325 ◦C; 1.5 bar; space time, 10.6 gcatalyst h molC− 1 (1 g of catalyst); 0 h on stream. 

Fig. 2. Effect of ethylene partial pressure in the feed on the evolution with time on stream of ethylene conversion for different diluents a) N2 and b) Syngas (SG). 
Reaction conditions: 325 ◦C; 1.5 bar; space time, 10.6 gcatalyst h molC− 1 (1 g of catalyst). 
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2012). Furthermore, the role of H2 in attenuating the reaction extent of 
coke evolution towards condensed structures on acid catalysts is well 
established in some reactions where olefins participate as reactants or 
intermediates (Arora et al., 2018; Zhao et al., 2019). 

3.3. Pseudo-state steady of the catalyst 

For process scale-up, the results of product distribution in the cata-
lyst pseudo-steady state (time on stream above of 3–4 h) are particularly 
interesting. These results are shown in Fig. 5, for the runs with N2 
(Fig. 5a) and syngas (Fig. 5b) as diluents. The higher conversion of 
ethylene in the pseudo-steady state with syngas as diluent is a conse-
quence of the aforementioned (Section 3.2) lower deactivation with 
respect to the results with N2 (Fig. 2), with a lower coke content in the 
catalyst when the equilibrium of its deposition is reached (as shown in 
Section 3.4). In addition, the presence of H2 also justifies the lower yield 
of C5+ hydrocarbons, as the reactions for aromatic formation, which 
take place by olefin dehydrocyclization, are hindered (Andrei et al., 
2020). 

Figs. 6 and 7, corresponding to the runs with N2 and syngas as dil-
uents, respectively, show the selectivity of hydrocarbons (paraffins, 
olefins and aromatics) according to their carbon number, in the pseudo- 
steady state of the catalyst. The difference in the results with the two 
diluents is noteworthy. Thus, when N2 is used (Fig. 6), as ethylene 
partial pressure increases and due to the greater extent of the reaction, 
the formation of hydrocarbons of higher molecular weight is favored, 
with a notable presence of C8+ hydrocarbons at a partial pressure of 
1.18 bar. The higher selectivity of paraffins and aromatics with 
increasing ethylene partial pressure is also a consequence of the higher 

extent of hydrogen transfer reactions. However, with syngas as diluent 
(Fig. 7) the effect of ethylene partial pressure is smaller. The suppression 
of the formation of C8+ hydrocarbons is to be highlighted, which can be 
explained by the attenuation of the extent of olefin dehydrocyclization, 
responsible for the formation of aromatics (Andrei et al., 2020; Fer-
nandes et al., 2021). Considering the role attributed by Shi and Bhan 
(2022, 2023) to H2 in the dual cycle mechanism of the conversion of 
methanol to olefins, the lower yield of aromatics and the higher yield of 
propylene and butenes with syngas dilution may be related to the 
participation of H2 limiting the evolution of the aromatic cycle and fa-
voring the formation of propylene and butenes from the olefin cycle. 
These authors also established that CO dilution only had an impact on 
the mechanism (for boosting the propagation of the aromatic cycle) at 
high pressure, which is also in agreement with the aforementioned re-
sults, that can be explained by the role of H2. 

3.4. Coke deposition 

In Fig. 8 (N2 dilution) and in Fig. 9 (syngas dilution), the N2-TPS 
(graphs a) and TPO (graphs b) profiles for the corresponding used cat-
alysts are shown. The contents of soft coke and hard coke indicated in 
these figures have been calculated from the area defined by the N2-TPS 
and TPO profiles, respectively. The analysis conditions have been 
described in Section 2.3, and each profile corresponds to a type of coke 
(soft coke in N2-TPS profile and hard coke in TPO profile). The existence 
of these two types of coke on the HZSM-5 zeolite catalysts in the olig-
omerization of ethylene is well established in the literature (Corma 
et al., 2013; Fernandes et al., 2020; Monama et al., 2020), where the 
rapid initial deactivation of the catalyst (observed in Fig. 2) is attributed 

Fig. 3. Effect of ethylene partial pressure in the feed, using N2 as diluent, on the evolution with time on stream of the main product yields: a) C3
=, b) C4

=, c) C4, d) C5-7, 
and e) C5+. Reaction conditions: 325 ◦C; 1.5 bar; space time, 10.6 gcatalyst h molC− 1 (1 g of catalyst). 
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to the physical phenomenon of retention of the oligomers (soft coke) 
which partially block the zeolite micropores. Bickel and Gounder (2022) 
analyzed the diffusion limitations of the oligomers retained in the mi-
cropores of HZSM-5 zeolite and their effect on product distribution in 
the oligomerization of propylene. As shown in Fig. 2, after the initial 
rapid deactivation, the catalyst reaches a pseudo-steady state, at which a 
slow deactivation is observed, attributable to the formation and evolu-
tion of hard coke, with a lower incidence on catalyst pore blockage than 
soft coke retention (Jan et al., 2018). 

For both diluents the content of soft coke is limited (Fig. 8a and 9a). 
Presumably the compounds are retained in the matrix of the catalyst, 

whose mesoporous structure allows their circulation throughout the 
reaction. Thus, a high fraction of soft coke present during each run is 
removed with the N2 sweeping performed in situ at the end of each run 
(30 min at 325 ◦C). It is observed that the soft coke content increases 
with increasing ethylene partial pressure and the highest soft coke 
content of 1.8 wt% is obtained at an ethylene partial pressure of 1.18 
bar. This reduced presence of soft coke justifies the catalyst to reach a 
pseudo-steady state in Fig. 2, with a remarkable remnant activity due to 
the fact that the access of ethylene and intermediates to the zeolite 
crystals is only partially limited. This effect of the hierarchical porous 
structure of attenuating the deposition of soft coke and its condensation 

Fig. 4. Effect of ethylene partial pressure, using syngas as diluent, on the evolution with time on stream of the main product yields: a) C3
=, b) C4

=, c) C4, d) C5-7, and e) 
C5+. Reaction conditions: 325 ◦C; 1.5 bar; space time, 10.6 gcatalyst h molC− 1 (1 g of catalyst). 

Fig. 5. Effect of ethylene partial pressure in the feed on its conversion and yields of the main lumped products in the pseudo-steady state of the catalyst, using as 
diluents, a) N2 and b) syngas (SG). Reaction conditions: 325 ◦C; 1.5 bar; space time, 10.6 gcatalyst h molC− 1 (1 g of catalyst); 3 h on stream. 
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reactions to hard coke has already been observed in the literature on 
catalysts prepared with a HZSM-5 with mesopores generated by desili-
cation (Monama et al., 2020). 

The mechanism of hard coke formation is slower than the fast 
retention of soft coke and takes place through reactions activated by the 

acid sites of the catalyst (Halmenschlager et al., 2016; Zhang et al., 
2020) where the dehydrocyclization of olefins and the hydrogen transfer 
reactions play a relevant role. The TPO profiles of the used catalysts 
(Fig. 8b and 9b) give evidence of the notable effect of increasing 
ethylene partial pressure, as hard coke content is boosted, whose 
maximum content is of 4.6 wt% for an ethylene partial pressure of 1.18 
bar, with N2 as diluent (Fig. 8b). For all the used catalysts, the TPO is 
deconvoluted into two characteristic peaks for the conversion of olefins 
over HZSM-5 zeolite catalysts, which are attributed to the combustion of 
two hard coke fractions (Ibáñez et al., 2017; Cordero-Lanzac et al., 2018; 
Díaz et al., 2021). The hard coke I, with the maximum combustion rate 
at ~460–480 ◦C, is likely deposited on the matrix and on the exterior of 
the crystals of the HZSM-5 zeolite, which facilitates its combustion. Hard 
coke II will be deposited inside the zeolite channels, by limiting air 
diffusion, which justifies the need for a higher combustion temperature, 
with a maximum rate at ~540–560 ◦C. The higher total hard coke 
content in the catalyst with increasing ethylene partial pressure is 
explained by the fact that the extent of the reactions for its formation are 
favored, in parallel to the higher extent of the reactions for the formation 
of higher hydrocarbons. The similar result obtained for the different 
diluents, with a maximum coke content of 5.3 wt% for a partial pressure 
of ethylene of 1.18 bar, suggests that coke formation does not occur 
directly from aromatics (absent in the reaction with syngas as diluent), 
but that its formation will take place by dehydrocyclization to poly-
condensed structures of the olefinic oligomers retained in the zeolite 
channels. This notable extent of olefin dehydrocyclization above 300 ◦C 
is well established (Bonnin et al., 2021). It is also noteworthy that the 
nature of the gaseous diluent shows a scarce incidence on coke evolu-
tion, because the coke II/coke I ratio (lower than 1 in all cases, in the 
0.3–0.9 range) and the temperature of maximum combustion rate of 
these cokes (457–503 ◦C for coke I and 543–561 ◦C for coke II) show 
slight differences for these two diluents. 

It should be highlighted that the coke features are suitable to facil-
itate catalyst regenerability (key condition for process scale up). Thus, 
the aforementioned results, with a high content of soft coke and a low 
condensed hard coke (regarding the temperature needed for its com-
bustion) ease its removal. The procedure for catalyst regeneration has 
been established in a prior work (Díaz et al., 2021) for the same catalyst 
used in the oligomerization of 1-butene, which consists of two successive 
treatments, after which the full recovery of activity is obtained: i) 
sweeping with N2 (1 h at 400 ◦C), for the removal of soft coke (trapped 
oligomers in the matrix), and; ii) subsequent combustion with air of the 
hard coke (mainly deposited on the zeolite micropores) (ramp of 10 ◦C 
min− 1 between 400 and 500 ◦C and 0.5 h at 500 ◦C). Regarding that the 
coke deposited on this work in the oligomerization of diluted ethylene is 
less condensed, its removal with this treatment is also complete. Hence, 
the catalyst can be used in successive reaction-regeneration cycles. 

4. Conclusions 

The low-pressure oligomerization of ethylene diluted with N2 or 
syngas enables to obtain a remarkable yield of higher hydrocarbons, 
which justifies the interest of developing a process for the valorization 
with low cost of secondary streams containing diluted ethylene. Thus, 
for an ethylene partial pressure of 0.33 bar the conversion of ethylene is 
greater than 80 % at 325 ◦C with either N2 or syngas as diluents, for a 
moderate space time of 10.6 gcatalyst h molC− 1, with a C5+ hydrocarbon 
yield higher than 40 % with N2 and over 30 % with syngas. The reduced 
presence of aromatics with N2 dilution, which is negligible with syngas, 
is also attractive for the obtained gasoline. 

The presence of a mesoporous matrix in the HZSM-5 catalyst facili-
tates the diffusion of coke precursors, minimizing the problems of zeolite 
coke deactivation as the retention of the oligomers is limited, which 
facilitates the diffusion of soft coke (deposited in the matrix) and at-
tenuates the hard coke formation reactions (mostly in the micropores of 
the HZSM-5 zeolite). This attenuation of coke deactivation is favored by 

Fig. 6. Product distribution (selectivity) in the pseudo-steady state of the 
catalyst according to carbon number and hydrocarbon families (paraffins, 
olefins and aromatics) using N2 as diluent at different ethylene partial pressure 
in the feed: a) 0.33 bar, b) 0.74 bar and c) 1.18 bar. Reaction conditions: 
325 ◦C; 1.5 bar; space time, 10.6 gcatalyst h molC− 1 (1 g of catalyst); 3 h on stream. 

Fig. 7. Product distribution (selectivity) in the pseudo-steady state of the 
catalyst according to carbon number and hydrocarbon families (paraffins, 
olefins and aromatics) using syngas as diluent at different ethylene partial 
pressure in the feed: a) 0.33 bar, b) 0.74 bar and c) 1.18 bar. Reaction condi-
tions: 325 ◦C; 1.5 bar; space time, 10.6 gcatalyst h molC− 1 (1 g of catalyst); 3 h 
on stream. 
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the dilution of ethylene as the extent of coke formation is limited and the 
diffusion of the precursors (soft coke) from the retained coke is favored, 
which evolves in the crystalline channels of the zeolite (hard coke). 
Thus, the dilution of ethylene and the presence of the matrix in the 
catalyst contribute to maintaining a notable remnant activity after the 
initial stage of oligomer occlusion. 

The results highlight the interest of low-pressure oligomerization of 
diluted ethylene to intensify the valorization of secondary streams from 
sustainable production processes of olefins and other hydrocarbons, 
yielding gasoline free of heteroatoms, and with a suitable composition to 
be added into the refinery gasoline pool. 
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