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Abstract

- Patricia Quintana-Owen?

- Aida Gutiérrez-Alejandre3

The ethanol dehydration and subsequent ethylene oligomerization to short-chain olefins using catalysts based on ZSM-5
zeolite was studied in detail. P, Fe, and Ni were added by incipient wetness impregnation on zeolites with two Si0,/Al,05
molar ratios (50 and 80). The catalysts were characterized by N, adsorption—desorption, XRD, SEM-EDX, FTIR spectros-
copy of adsorbed pyridine, and XPS techniques, while the catalytic activity was evaluated using an isothermal fixed-bed
reactor. The impregnation of P, Fe, and Ni significantly improved the formation of the desired C;, olefins (olefins having
three or more C atoms). Particularly, the zeolite with SiO,/Al,O; molar ratio=>50 and impregnated with P, exhibited the
highest selectivity (Cs, olefins>45 wt% at TOS=5 h) in comparison with the rest of the evaluated catalysts. On the con-
trary, catalysts with SiO,/Al,O; molar ratio =80 showed lower selectivity to C;, olefins, producing more side products (i.e.

paraffins, aromatics and diethyl-ether).

Keywords Ethanol to hydrocarbons - ZSM-5 zeolite - Short-chain olefins - Phosphorus - Iron - Nickel

1 Introduction

Light olefins, such as ethylene, propylene, and butylene,
as well as other hydrocarbons, are useful not only as fuels
but are considered important raw materials in the petro-
chemical industry [1]. Particularly, olefins of three or more
carbon atoms (C;, olefins) can be directly oligomerized
to larger molecules in fewer reaction steps than ethylene,
which makes them more desirable for some processes (e.g.
synthetic fuel production). However, until now, they are
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mainly produced from the cracking of fossil naphtha [2],
and therefore, from production processes to final consump-
tion, they favor the emission of greenhouse gases among
other environmental problems [3]. In addition, the continued
decline in oil-reserves and the high fluctuation of oil-prices
have promoted in recent years a special interest in obtain-
ing alternative fuels and high-value chemical compounds by
implementing the use of biorefineries and using raw mate-
rials from renewable sources. Particularly, ethanol (EtOH)
can be produced by the fermentation of biomass [4] and
subsequently be catalytically transformed into higher value
molecules (e.g. olefins), so it promises to be an alternative
source to fossil hydrocarbons [5]. According to the “Renew-
able Fuels Association” [6], in 2018 the world production of
ethanol reached 28.57 billion gallons, with the United States
of America being the main producer followed by Brazil.
Ethanol can be transformed into ethylene and other short
chain hydrocarbons (i.e. C;, olefins, paraffins, aromatics and
naphthenes) using ZSM-5 zeolite (Zeolite Socony Mobil-5),
which is a crystalline and microporous catalyst [7], whose
acidic and structural properties promote simultaneous reac-
tions of dehydration, oligomerization, isomerization, cycliza-
tion, aromatization, hydrogen transfer and cracking. It has been
found that the hydroxyl groups located between aluminum
and adjacent silicon atoms are strongly acidic Brgnsted sites
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that carry out acid-catalyzed reactions [8]. In several studies,
ZSM-5 zeolite has been compared with other solid catalysts
that exhibit different acidity and porosity [9, 10], or with a
similar density of Brgnsted acid sites but different pore struc-
ture [11]. The results have demonstrated its excellent activity
in the dehydration reaction of ethanol to ethylene, and par-
ticularly its ability to obtain a complex mixture of short-chain
hydrocarbons useful for the chemical and refining industry.

Recent studies [1, 2, 12-25] have evaluated the catalytic
conversion of ethanol to olefins (mainly ethylene and propyl-
ene) and other hydrocarbons, using modified ZSM-5 zeolites.
Generally, catalyst post-treatments such as impregnation,
ion exchange, alkali treatment or steaming, are carried out to
increase the hydrothermal stability and enhance the catalytic
activity [5]. The addition of different compounds of Ba, Ca, Fe,
La, Mg, Mn, P, Sr, Zr, Ni, Mo, Zn, and Ga has been studied,
both by ion exchange and by impregnation methods, seeking to
enhance the reaction selectivity to the desired products. How-
ever, it has been found that in some cases, after post-treatment,
the acidity decreases because of a partial dealumination [23].

Specifically, it has been reported the enhancement of
the catalytic-performance of ZSM-5 zeolite by impregnat-
ing phosphorus (P), iron (Fe), or nickel (Ni) [1, 2, 13, 15,
17, 19, 26-28], thereby increasing the yield and selectivity to
olefins, particularly ethylene and propylene. In addition, an
improvement of the hydrothermal stability, in comparison with
unmodified ZSM-5 zeolites or where other metals were used,
has been observed. However, a comparison of the referred
works is not an easy task, because of differences in synthesis
procedures, catalyst composition and reaction conditions. Fur-
thermore, the reported selectivity to C;,, olefins is low in most
cases. Particularly, Phung et al. [27] evaluated the impreg-
nation of P, Fe and Ni on ZSM-5 zeolite with SiO,/Al,0;
molar ratio =50 for this reaction, but the authors reported
only the gas products, without including the produced liquid
hydrocarbons. They claim that the addition of P promotes the
appearance of weaker Brgnsted acidic P-OH groups, while the
impregnated Fe and Ni species carry Lewis acidity.

According to the above, the aim of the present work is to
investigate the conversion of ethanol to C;, olefins over eight
ZSM-5 zeolite catalysts of two SiO,/Al,O; molar ratios and
impregnated with P, Fe or Ni. Additionally, the effects of the
impregnation on the catalyst properties, on the catalytic activ-
ity and the reaction selectivity, were studied in detail.

2 Experimental
2.1 Catalyst Preparation
Commercial zeolites were used as NH,-ZSM-5 ammonia-

cal state (Zeolyst, CBV5524G and CBV8014, with SiO,/
Al,O5 ratio =50 and 80 mol mol™', respectively), which

were calcined at 550 °C with O, flow for 3 h with a heating
ramp of 1 °C min~!, obtaining the H-ZSM-5 acid form.
Subsequently, catalysts loaded with 1 wt% of P, Fe, and
Ni, were prepared by incipient wetness impregnation.
To this end, solutions of (NH,),HPO,, FeCl;-6H,0 and
Ni(NOjy),-6H,0 (Sigma Aldrich) were added dropwise to
H-ZSM-5 zeolite and allowed to dry for 24 h at room tem-
perature. Then, it was dried at 120 °C for 5 h and immedi-
ately calcined at 550 °C with O, flow for 5 h with a heating
ramp of 1 °C min~!. In total, eight catalysts were obtained:
two non-impregnated [H-ZSM-5-(X)] and six impregnated
[M-ZSM-5-(X)], where M is P, Fe, or Ni, and X is the
nominal value of the Si0,/Al,0; molar ratio.

2.2 Catalyst Characterization

The textural properties were measured by N, adsorp-
tion—desorption in a BELSORP-max equipment (P/
Py=0.99 and 77 K) using the BET method to calculate
the surface area, t-plot and MP-plot to determine the diam-
eter and the size distribution of micropores, respectively
[29]. The solid samples were previously degassed with a
vacuum of 0.2 Pa at 400 °C for 2 h.

The morphology of the catalysts and the elemental-com-
position were studied by scanning electron microscopy and
energy-dispersive X-ray spectroscopy (SEM-EDX) using a
JEOL-JSM-6360-LV high-resolution microscope coupled to
an EDX detector, with acceleration voltages of 20 kV and
25 kV. Likewise, the oxidation state of the impregnated par-
ticles was determined by X-ray photoelectron spectroscopy
(XPS) in a Thermo Scientific K-ALPHA Surface Analysis
equipment, with a 180° double-focus hemispheric analyzer
and a 128 channels detector at 2 x 10~° mbar, using an alu-
minum monochrome Al-Ka radiation source (1486.6 eV,
12 kV and 40 watts) with relative incidence angle of 30°.
The XPS spectra were processed with the CasaXPS soft-
ware (version 2.3.19) in which the baseline modeling was
performed by Shirley background subtraction method, while
peak deconvolutions were carried out using the GL(X)
decomposition parameter [Gaussian(Y %)—Lorentzian(X%),
where Y = 100-X], being Gaussian(20%)-Lorentzian(80%)
the combination that allowed the best fit for peak modeling.

The crystalline structure of the catalysts was analyzed at
room temperature by X-ray diffraction (XRD) in a Bruker
D2-Phaser equipment with a copper anode, Cu-Ka radia-
tion (A=1.5406 A, 30 kV and 10 mA) over 20 values in
the range of 5°-50° at the scanning rate of 0.01° s~!.

Fourier Transform Infrared (FTIR) spectra were
recorded with a Thermo Scientific Nicolet 6700 FTIR
spectrometer (4 cm™! of spectral resolution and 100
scans). The samples were pressed into thin wafers (~
7.48 mg cm~2) and outgassed at 450 °C for 2 h, then were
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contacted with pyridine (Py) vapor (20 mmHg) as probe
molecule at room temperature for 15 min. The pyridine
was subsequently evacuated by thermal desorption under
vacuum (9 X 1073 Torr), first at room temperature, then at
150 °C, and finally at 300 °C, for 15 min each tempera-
ture. FTIR spectra were recorded before and after pyridine
adsorption and after each evacuation step. Then, the differ-
ence spectra were obtained by subtracting the spectrum of
the outgassed sample from the spectra recorded after the
adsorption/desorption steps. The concentrations of both
Brgnsted and Lewis acid sites after desorption at 150 °C
and 300 °C were calculated by the Eq. (1) [30, 31] using
the integrated absorbance of the 1545 cm™! band related
to pyridinium ions (PyH") and the 1450 cm™! band related
to Lewis bonded pyridine (PyL), respectively. This was
done by fitting the FTIR difference spectra with a Gauss-
ian—Lorentzian function and baseline modelling using the
ORIGIN software. Additionally, the distribution of the
acid strength of the Brgnsted sites was determined assum-
ing that, after desorption at 150 °C, the concentration of
the acid sites for the band at 1545 cm™' corresponds to
the total (strong and weak) Brgnsted acid sites, while the
remaining concentration after desorption at 300 °C, cor-
responds to the strong Brgnsted acid sites. The same con-
sideration was made to determine the distribution of the
acid strength of the Lewis sites, using the concentrations
calculated for the band at 1450 cm™! after desorption at
150 °C and 300 °C.

_ ALCy n ApCy

gm  gpm

nr (1

In Eq. (1) nyis the number of pyridine molecules (umol
g~!) that remain adsorbed after evacuation at temperature
T, which is equivalent to the total concentration of acid
sites. A is the integrated absorbance (cm™") of FTIR bands
related to pyridine adsorbed at Brgnsted acid sites (B) or at
Lewis acid sites (L). C, and m are the cross-sectional area
(cm?) and mass (g) of the sample wafer, respectively. ¢ is
the molar absorption coefficient (cm pmol™}), also known
as integrated molar extinction coefficient, of pyridine
adsorbed at Brgnsted acid sites (B) or at Lewis acid sites
(L). The integrated molar extinction coefficient values
reported by Emeis [32] were used: 1.67 cm umol™" for the
1545 cm™~! band (Brgnsted acid sites) and 2.22 cm pmol_l
for the 1450 cm™! band (Lewis acid sites); which have
been widely cited and validated for Si/Al-based catalyst,
including ZSM-5 zeolite [30, 31, 33].
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2.3 Catalytic Activity Testing

Continuous reactions were carried out in a 316 stainless
steel isothermal fixed-bed reactor, of 9 mm internal diam-
eter and 5 cm long of the effective isothermal volume,
mounted in a MICROACTIVITY-REFERENCE system,
which has a Peltier cell for liquid condensation, and an
automatic process-variable control system. The gas outlet
of the condenser was on-line connected to a gas chroma-
tograph YL-Instrument-6500GC coupled to a mass detec-
tor YL6900GC/MS. For the gas product analysis, an Agi-
lent GS-Carbonplot capillary-type column of 30 m long,
0.320 mm internal diameter, and 1.5 pm of film thickness
was used. Concerning the condensed products, two liquid
phases were obtained, of which, the hydrocarbon phase
(supernatant) was analyzed in the same way by GC-mass
spectrometry using an EST-Analytical-FLEX automatic
injector and a Mega-5 HT capillary-type column of
30 m long, 0.250 mm internal diameter, and 1.5 pm of
film thickness.

Reactions were carried out using 0.5 g of powdered
catalyst with particle size of 250 to 420 pm (60 to 40
mesh). Each catalyst was previously conditioned in situ for
1 h at 35 bar and 450 °C, with 60 mL min~" of N, flow to
remove moisture and adsorbed impurities. For each reac-
tion, ethanol-water mixture at 95 vol% (0.1115 mL min~")
using a GILSON-307 HPLC pump with an integrated flow
control, and N, (102.5 mL min~"') as carrier gas using
a Bronkhorst EL-FLOW Select F-201CV flow control-
ler, were fed to the reactor. The reactions were carried out
for 5 h of time on stream (TOS =5 h) at 35 bar, 350 °C,
and WHSV =10 [gg,on € - h™']. The reaction condi-
tions were selected based on preliminary at-home studies
focused on the formation of Cs, olefins, and in particular,
the operating pressure obeys an integrated process scheme
under development, in which it is mainly sought to obtain
hydrocarbons in the range of jet fuel. Every 60 min, the
gas products were measured by GC-Mass spectrometry,
and the condensed liquids were recovered in vials for fur-
ther analysis. The mass balance of the reaction products
was carried out by classifying the formed hydrocarbons
into product families (olefins, paraffins, aromatics, naph-
thenes and diethyl-ether), and the performance of the cat-
alysts was evaluated. The liquid hydrocarbon yield was
calculated by Eq. (2), and the product mass selectivity was
determined by Eq. (3). Particularly, the formation of Cs,
olefins versus the generation of side products was studied.

Fr,, — (EtOH®)(0.39114) — W°

100 x 100
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The nomenclature in Eq. (2) and Eq. (3) is as follows: F;,,
is the mass flow of the liquid fraction (hydrocarbon + water)
recovered at the output of the reactor, ErOH’ and W’ are
the mass flows of pure ethanol and water fed to the reactor,
respectively. S, is the product mass selectivity (wt%), and M,
is the normalized mass fraction on a dry basis of i hydrocar-
bon product-family in the reactor effluent (liquids + gases).

3 Results and Discussions
3.1 Catalyst Characterization

The catalysts impregnated with P, Fe, and Ni showed a
slight decrease in the BET surface area and the volume of
the micropores compared to the non-impregnated H-ZSM-5
catalysts (Table 1). This effect has been attributed to the
particle deposition on the surface of the catalysts, partially
blocking the micropores [1, 13, 26, 34], whose diameters
(Dyicro) were found to be in the range of 0.40 to 1.60 nm
with maximum distribution peaks between 0.6 and 0.7 nm
(Fig. 1). This result is typical of ZSM-5 zeolite correspond-
ing to the MFI structure [35, 36]. Likewise, all the materials
showed type 1 adsorption isotherms with hysteresis cycle of
type H, formed in the range of 0.47 <P/Po<0.98 (Fig. S1 in
supplementary material), which corresponds to pores with
channels without interconnection, or agglomerated particles
that form pores with cavities.

The SEM micrographs (Fig. 2) show agglomerated crys-
tals with the characteristic shape of ZSM-5 reported by
other authors [14, 37]. No changes were observed in the

Table 1 Textural properties and elemental composition of the catalysts

Fe-ZSM-5-(80)

Ni-ZSM-5-(80)

P-ZSM-5-(80)

H-ZSM-5-(80)

dv,/dd,

Fe-ZSM-5-(50)

Ni-ZSM-5-(50)
NN

A A

P-ZSM-5-(50)

H-ZSM-5-(50)

02 04 06 08 10 12 14 16 18 20 22
dp(nm)

Fig. 1 Micropores diameter distribution by the MP-Plot method

structure and morphology of the zeolites after impregnation.
However, it is noteworthy that agglomerates of ZSM-5 with
Si0,/Al,0j ratio =80 mol mol ™" are larger than those with a
ratio of 50 mol mol~!. On the other hand, the EDX analysis
allowed to know the surface composition of the catalysts
(Table 1). It stands out that the measured content of P, Fe,
and Ni was less than 1 wt% on the surface, suggesting a pos-
sible incorporation of the particles at a less superficial level
in the catalysts. Additionally, the SEM—EDX mapping shows
that there was a good dispersion of P, Fe, and Ni particles on
the surface of the zeolites (Fig. S2 in supplementary mate-
rial). These results indicate that the particles of P, Fe, and Ni

Catalyst Si0,/A,05 Sper’ (m? g7h) Vicero: (em® g7 04 (Wt%) Al (wt%) Sid (Wt%) M (wt%)
mol mol ™!

H-ZSM-5-(50) 50 436.86 0.1794 64.46 1.04 34.50 -
Ni-ZSM-5-(50) 50 413.03 0.1748 60.83 1.12 37.25 0.80
Fe-ZSM-5-(50) 50 416.38 0.1760 63.17 1.02 35.04 0.77
P-ZSM-5-(50) 50 392.01 0.1587 63.00 1.13 35.04 0.83
H-ZSM-5-(80) 80 453.59 0.1949 59.01 0.86 40.13 -
Ni-ZSM-5-(80) 80 384.76 0.1586 60.85 0.80 37.49 0.87
Fe-ZSM-5-(80) 80 411.95 0.1720 60.22 0.80 38.02 0.96
P-ZSM-5-(80) 80 416.40 0.1841 60.89 0.90 37.37 0.84

“Nominal molar ratio reported by the manufacturer for the non-impregnated zeolites

"BET specific surface area
“Micropores volume by t-plot method
4Elemental composition by EDX (M =P, Fe or Ni)
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Fig.2 SEM micrographs of impregnated and non-impregnated catalysts
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were incorporated mainly on the surface and therefore did
not cause a modification of the crystalline structure.

The X-ray diffraction patterns obtained at 20 angle
(Fig. 3) are characteristic of the MFI structure [38] and show
that the impregnation did not cause significant changes on
crystallinity, which agrees with those reported in previous
studies [12, 17, 37]. No additional crystalline phases of P,
Fe, and Ni (either elemental or oxide state) were detected
by XRD because of their low concentration and dispersion.

The XPS analysis allowed to determine the oxidation
states of P, Fe, and Ni particles impregnated on the sur-
face of the catalysts, even though their low concentration.

200 -}
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200

] Ni-ZSM-5-(80)
150
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200 _ P-ZSM-5-(50)
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H-ZSM-(50)

CPS

H-ZSM-(80)
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Fig. 3 XRD patterns of impregnated and non-impregnated catalysts

The spectra showed slight peaks whose binding energy
directly depends on the valence number of the particles.
The iron impregnated catalysts showed main peaks of
Fe-2p,,, and Fe-2p,,, with approximate binding energies
of ~711.15 eV and ~ 724 eV respectively, as well as satellite
peaks around ~716.85 eV and ~732.5 eV (Fig. 4a), which
correspond to the Fe,0 spectrum [39-43] with Fe*? oxida-
tion state. For the nickel impregnated catalysts, main peaks
of Ni-2ps, and Ni-2p,,, were observed with approximate
binding energies of ~854.5 eV and ~ 872 eV respectively,
as well as satellite peaks around of ~859 eV and ~879.5 eV
(Fig. 4b), which correspond to the NiO spectrum [39, 44]
with Ni*? oxidation state. Finally, the phosphorus impreg-
nated catalysts showed a peak P-2p with approximate bind-
ing energy of ~ 135 eV (Fig. 4c), which corresponds to the
spectrum of P,Os [45, 46] with P oxidation state. Particu-
larly, in the case of phosphorus, no evidence demonstrating
its integration into the structure of ZSM-5 zeolite was found,
as suggested by other authors with respect to the forma-
tion of an amorphous extra-framework aluminophosphate,
P(OH),*, PO(OH)," or HsP,0," cations [47], or by the
occupation of silicon sites to form (SiO),Al(OP),_, species
(x=1to4) [48].

Figure 5 shows the FTIR subtraction spectra in the range
of 1700 cm™! to 1350 cm™! of the pyridine species that
remain adsorbed after evacuation at 150 °C and at 300 °C.
Two bands with vibrational mode v19b near 1397 cm™!
and 1546 cm™! were identified, as well as a band with v8a
vibrational mode around 1637 cm™!, attributed to pyri-
dinium ions (PyH") adsorbed on Brgnsted sites [33, 49].
Similarly, the IR bands on the 1450-1445 cm™! region
with vibrational mode v19b, and the bands at 1612 cm™!
and at 1622 cm™' (v8a), are identified as molecular pyri-
dine covalently coordinated on Lewis acid sites (PyL) [33,
49, 50]. Additionally, the bands at 1598 cm~! (v8a) and at
1440 cm™! (v19b) are assigned to hydrogen bonded pyri-
dine to hydroxyl groups (silanol groups) [50]. Particularly,
the band at 1440 cm™' was observed as a shoulder attached
to the 1446 cm™! band only in the non-impregnated and
evacuated at 150 °C H-ZSM-5-(50) catalyst, which subse-
quently disappeared after evacuating at 300 °C. Finally, the
band at 1491 cm™! (v19a) is related to adsorbed pyridine on
both Brgnsted and Lewis sites [33, 49].

Table 2 shows the strong and weak acid sites concentra-
tion and the acid strength distribution for the catalysts with
Si0,/Al,0; ratio=50 mol mol~. It was observed that the
H-ZSM-5-(50) non-impregnated catalyst has mainly strong
Brgnsted acid sites, and a few amount of strong Lewis acid
sites.

The P impregnation produced some weak Lewis acid
sites, while the few existing strong Lewis acid sites
remained unchanged. On the other hand, Brgnsted acid
sites (strong and weak) had a slight increase. This caused
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Fig.4 XPS spectra of H-ZSM-5 catalysts impregnated with 1 wt% of Fe, Ni, and P. Deconvoluted configurations of: a Fe-2p, b Ni-2p and ¢ P-2p

the total concentration of acid sites to be higher compared  Lewis acid sites (strong + weak) slightly larger than in the

to the non-impregnated zeolite. Therefore, the concentra-  non-impregnated zeolite.

tion of acid sites, after P impregnation, corresponds pre- The Fe impregnation did not significantly change the

dominantly to strong Brgnsted sites, with an amount of  concentration of the Brgnsted acid sites (strong and weak)
originally existing in the ZSM-5 zeolite, but the Lewis acid
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Fig.5 FTIR difference spectra of adsorbed pyridine after evacuation
at 150 °C and at 300 °C for the samples: a H-ZSM-5-(50), b P-ZSM-
5-(50), ¢ Fe-ZSM-5-(50), and d Ni-ZSM-5-(50)

sites (strong and weak) increased considerably along with
the total concentration of acid sites. This is attributed to
that the Fe,O; particles impregnated on the surface carry

Lewis acidity, which is consistent with previous reports
[27]. Therefore, the total acidity of the obtained catalyst
corresponds mostly to Lewis acid sites with similar concen-
tration of strong and weak sites, while Brgnsted acid sites
are mainly of the strong type but are available in lower
concentration.

After Ni impregnation, the concentration of strong
Brgnsted acid sites decreased while that of the Lewis acid
sites (strong and weak) increased, compared to the non-
impregnated zeolite. On the other hand, the weak Brgn-
sted acid sites did not undergo a significant change in their
concentration, obtaining a very slight increase. It has been
reported [51] that this change in the acidic property of
ZSM-5 zeolite after Ni loading is because some Ni species
perform ion exchange with the Brgnsted acid sites, while
the Lewis acid sites are generated on the small Ni parti-
cles dispersed in the zeolite channels. Because of the above,
the total concentration of acid sites after Ni impregnation
increased more than with the P loading, although not as
much as with the Fe addition. The acidity of the obtained
catalyst corresponds mostly to Lewis acid sites (being
the weak Lewis sites the more abundant), while Brgnsted
acid sites are mainly of the strong type but are available in
lower concentration than in the other three catalysts.

3.2 Catalytic Activity Testing

The catalytic activity of the catalysts and, specially, their
selectivity to hydrocarbons was studied. In addition, the
product distribution by carbon number was determined by
carrying out the mass balance (liquid + gas) of the prod-
ucts. In all the reactions, because of the operating tempera-
ture (350 °C), the ethanol conversion was close to 100%,
as reported in the literature [7, 9, 12], producing olefins,
paraffins, naphthenes, aromatics and, in some cases, diethyl-
ether. It was found that the non-impregnated H-ZSM-5-(50)
catalyst had the highest mass yield of liquid hydrocarbons
accumulated in 5 h of reaction (Fig. 6), obtaining the fol-
lowing global product yields: about~28.9 wt% of the reacted
ethanol was converted to liquid hydrocarbons, ~32 wt% to
gas products and ~39.1 wt% to water. The activity of this
catalyst was more favorable for the formation of conden-
sable hydrocarbons (large molecules), mainly paraffins and
aromatics. However, the product selectivity was strongly
changing over time (Fig. 7a to f), which is attributed to a
fast deactivation by coke deposition and low hydrothermal
stability [52]. Initially, the selectivity values of C;, olefins
and ethylene were very low and increased progressively over
time, while the formation of paraffins and aromatics was
decreasing. It shows that the non-impregnated catalysts are
unstable and several hours of reaction are needed to stabilize
their catalytic activity.
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Table 2 Concentration of

ST Catalyst ‘Weak acid sites Strong acid sites Bronsted acid Lewis acid

Brgnsted and LFWIS acid sites (umol g™") (umol g™ sites strength  sites strength

expressed as micromoles of (%) (%)

pyridine species per gram of

Sample (“mOI g71)7 and its annsleda nLewisa I + IlLC annstedb nLewisb ng + nLC Bstrong Bwea\kCl Lstmngd Lweakd

acid strength distribution (in

percentage). Catalysts with H-ZSM-5-(50) 4.93 0.00 493 23252 26.27 258.79 97.93 2.07 100.00 0.00

Si0,/Al,0; ratio=50 mol mol™"  P-ZSM-5-(50)  32.51 2571 5822 26126  24.98 28624 88.93 11.07 49.28 50.72
Fe-ZSM-5-(50) 53.49 230.33 283.81 265.32 22692 49224 8322 16.78 49.63 50.37
Ni-ZSM-5-(50) 8.67 300.62 309.30 132.82 123.08 25591 93.87 6.13 29.05 70.95

4Concentration of weak acid sites. Calculated by subtracting the strong acid sites from the total con-
centration of acid sites obtained after pyridine desorption at 150 °C. (nBy,., =nB5, «c —nBsy, oc) and

(NLyeq =1L 50 ¢ —NL30 o)

®Concentration of strong acid sites after pyridine desorption at 300 °C

“Total concentration of acid sites (Brgnsted + Lewis)

dThe strength of Brgnsted and Lewis acid sites is expressed as percentage distribution of strong and weak

sites
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The impregnated catalysts had a more stable product
selectivity over time, compared to the non-impregnated mate-
rials. The P-ZSM-5-(50) catalyst obtained the highest selec-
tivity to total olefins (Fig. 7a), mainly C;, olefins (Fig. 7b)
with a maximum of 70.8 wt% and 48.8 wt%, respectively,
and the lower selectivity to ethylene (22.1 wt%) (Fig. 7c¢),
at 3 h of reaction (TOS =180 min), compared with the rest
of the impregnated catalysts. The product yields show that a
maximum of ~29.6 wt% of the fed ethanol was transformed
to Cs, olefins and~13.5 wt% to ethylene at 3 h of reac-
tion. Likewise, the Fe-ZSM-5-(50) catalyst also exhibited
a good selectivity for these products, although it produced
more ethylene than the P-ZSM-5-(50) catalyst. In contrast,
the P-ZSM-5-(80) catalyst showed the lowest selectivity to

@ Springer

olefins among the impregnated materials (Table 3). This
was because the low acidity of H-ZSM-5-(80) zeolite (SiO,/
Al,O;molar ratio=_80) was further reduced by impregnation
of an alkaline compound such as phosphorus, and therefore
its ability to form olefins and other hydrocarbons decreased.
In general, it was observed that the Cs, olefin production
decayed slightly over time with all the impregnated catalysts,
while the ethylene formation increased.

Regarding the side products formation by the impregnated
catalysts with SiO,/Al,O; molar ratio =50, it was found that
the P-ZSM-5-(50) catalyst produced the lowest amount of
paraffins, while the Ni-ZSM-5-(50) catalyst produced more
aromatics (Fig. 7c, e and f). In addition, the naphthene selec-
tivity was less than 6.5 wt% for all the materials. Meanwhile,
the H-ZSM-5-(50) non-impregnated catalyst produced a
greater quantity of side products, which indicates that the
impregnation improved the selectivity of this zeolite. Similar
results were found by Ferreira et al. [53], who stated that
undesired reactions and coke deposition are reduced because
the impregnation favors the passivation of the strong Brgn-
sted acid sites and therefore the hydrogen-transfer becomes
limited. In particular, Song et al. [54] suggest that although
strong acid sites are essential for the main reactions, a high
concentration of strong acid sites favors side reactions such
as hydrogen transfer or cyclization and eventually increase
the formation of coke precursors; likewise, weak acid sites
favor the alkenes methylation/cracking cycle. In contrast to
the above, because of its low acidity, the side product selec-
tivity for the catalysts with SiO,/Al,0; molar ratio=_80 was
different. In this case, the phosphorus impregnation caused
a higher formation of paraffins and aromatics with respect
to the H-ZSM-5-(80) non-impregnated catalyst, while only
the impregnation of iron did reduce the production of these
side products. These results suggests that the catalyst acid-
ity is the variable with the greatest influence on the product
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Table 3 Product selectivity per catalyst at 5 h of reaction. P=35 bar, T=350 °C, and WHSV = 10 (25,01 Zea - h™)

Catalyst

H-ZSM-5- P-ZSM-5- Fe- Ni- H-ZSM-5- P-ZSM-5- Fe- Ni-

(50) (50) ZSM-5-(50)  ZSM-5-(50)  (80) (80) ZSM-5-(80)  ZSM-5-(80)

Product selectivity (wt%)
Ethylene 21.14 25.09 34.18 25.79 30.98 25.80 53.85 34.48
n-Olefins C5, 5.99 9.28 7.93 9.23 9.90 323 8.30 6.89
Iso-Olefins C;,  15.31 36.50 29.82 30.44 24.69 2.75 15.45 15.89
n-Paraffins 11.59 6.27 8.19 8.26 9.16 10.16 8.00 3.71
Iso-Paraffins 22.08 14.99 14.14 15.26 14.10 26.64 10.96 12.47
Naphthenes 6.18 2.84 1.96 3.55 3.83 2.55 0.26 2.70
Alkylated 17.69 5.02 3.78 7.49 7.35 11.20 0.62 6.94
aromatics
Diethyl-ether 0.00 0.00 0.00 0.00 0.00 17.41 2.56 16.79
(DEE)
Others 0.00 0.00 0.00 0.00 0.00 0.26 0.00 0.14
Selectivity by carbon number (wt%)

C2 21.71 25.60 34.56 26.52 31.51 26.22 54.38 34.93
C3 3.75 3.28 297 2.32 3.18 221 1.81 1.42
C4 11.84 20.79 20.39 20.88 15.21 34.42 20.41 2791
C5 16.20 18.31 15.05 14.00 15.79 10.97 9.04 6.17
C6 13.02 8.84 9.44 10.42 9.95 5.63 791 6.04
Cc7 10.32 7.16 4.48 5.12 7.52 3.64 3.20 2.73
C8 9.39 597 3.57 7.68 6.33 4.12 0.39 4.24
c9 7.21 5.83 5.56 6.68 5.63 5.43 2.05 7.51
C10 5.12 3.43 3.03 4.98 4.03 4.88 0.63 6.68
Cl11 1.07 0.65 0.68 1.07 0.76 1.64 0.13 1.77
C12 0.29 0.09 0.17 0.24 0.06 0.59 0.03 0.41
C13 0.07 0.03 0.08 0.07 0.03 0.14 0.01 0.13
Cl4 0.00 0.01 0.02 0.01 0.00 0.09 0.00 0.04
C15 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00

selectivity, while the impregnation of P, Fe and Ni specifi-
cally modified the type and concentration of the available
acid sites, resulting in some catalysts being more selective
to C5, olefins and forming less side products than others.

With all the catalysts, most of the products were branched
compounds (Table 3). Particularly, the produced alkylated
aromatics include molecules such as toluene, (o, m, p)-
xylene and larger. The diethyl-ether (DEE) molecule was
produced only by the impregnated catalysts with SiO,/
Al,0O; molar ratio=80 (Table 3), while none of the cata-
lysts with SiO,/Al,05 ratio =50 formed this compound.
This was because the lower acidity of the P-HZSM-5-(80),
Fe-HZSM-5-(80) and Ni-HZSM-5-(80) catalysts, and their
reduced availability of Brgnsted acid sites, limited the dehy-
dration reaction of ethanol to ethylene, producing DEE as
intermediate.

In Fig. 8, the (products/side products) selectivity ratios
are plotted, where the higher the ratio value, the greater the
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formation of the desired products and the lower the forma-
tion of side products. A comparison of the production of
C;, olefins and total olefins, relative to the preponderant
side products (paraffins and aromatics), confirmed that the
P-ZSM-5-(50) and Fe-ZSM-5-(50) catalysts were the most
selective (Fig. 8a and c¢). However, the Fe-ZSM-5-(50) cata-
lyst produced more ethylene than P-ZSM-5-(50) (Fig. 8b).
On the other hand, the catalyst Fe-ZSM-5-(80) allowed to
obtain a low formation of paraffins and aromatics relative
to the production of total olefins (Fig. 8c), but this cata-
lyst produced mainly ethylene, as well as a few amount of
DEE (Table 3), so its selectivity to C;, olefins was not the
best (Fig. 8a). This confirms that the P-ZSM-5-(50) phos-
phorus catalyst was much more stable and selective to Cs,,
olefins than the Fe-ZSM-5-(50) iron catalyst, and there-
fore it was the material with the best activity. On the other
hand, the P-ZSM-5-(80) phosphorous catalyst was the least
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selective to olefins, and even more, it was the catalyst that
produced the highest amount of DEE, just followed by the
Ni-ZSM-5-(80) nickel catalyst as shown in Table 3.

4 Conclusions

The P, Fe, and Ni impregnation did not modify the morphol-
ogy or the crystallographic properties of the ZSM-5 zeolite.
The particles were adhered and well dispersed on the sur-
face, producing a slight decrease in the apparent BET area
and the micropores volume. Additionally, the XPS analysis
indicated that the Fe particles correspond to Fe,0;, those of
Ni correspond to NiO and those of phosphorus to P,05. No
evidence of a possible incorporation of P to the structure of
ZSM-5 zeolite was found by XPS. On the other hand, the
impregnation of P, Fe, and Ni caused significant changes in
the strength and concentration of the Brgnsted and Lewis
acid sites, and therefore strongly influenced the selectivity
to C;, olefins.

The evaluated catalysts were able to transform the eth-
anol to hydrocarbons + water, where the hydrocarbons
obtained were: n-olefins (n-alkenes), iso-olefins (branched
alkenes), n-paraffins (n-alkanes), iso-paraffins (branched
alkanes), naphthenes (cycloalkanes), and alkylated aromat-
ics. The impregnation of P, Fe, and Ni on ZSM-5 zeolite
with Si0,/Al,05 molar ratio=50 proved to be effective
and substantially improved the activity and stability of the
catalysts, achieving selectivities to olefins higher than that
obtained with the non-impregnated catalyst. In contrast,
for the ZSM-5 zeolite with SiO,/Al,0; molar ratio =80,
the selectivity was only improved with the addition of iron,
but was worsened by impregnating phosphorus and nickel.
This was because of the change in the concentration and
strength of the acid sites in the ZSM-5 zeolites after impreg-
nation, which confirms that the selectivity to C;, olefins
was strongly influenced by the acidity of the catalysts. The
materials with Si0,/Al,0, molar ratio =50 were better than
those of 80, obtaining the highest selectivity to Cs, ole-
fins and the lowest selectivity to side products (paraffins
and aromatics) in the following order: P-ZSM-5-(50) > Fe-
ZSM-5-(50) > Ni-ZSM-5-(50) > Fe-ZSM-5-(80) > H-ZSM-
5-(80) > Ni-ZSM-5-(80) > P-ZSM-5-(80).

Particularly, for the ZSM-5 zeolite with SiO,/Al,0; molar
ratio=50, the P addition allows to obtain a catalyst with
acidity predominantly of strong Brgnsted type, and with
higher concentration of total acid sites in comparison with
the non-impregnated zeolite, producing some weak Lewis
sites. On the other hand, the impregnated Fe particles pro-
duced Lewis acid sites, which allows to obtain a catalyst
mainly with a balanced Lewis acidity (strong + weak). And
finally, Ni particles partially decreased the strong Brgn-
sted sites, as well as behaved as Lewis acid sites, allow-
ing to obtain a catalyst mainly with Lewis acidity (weak
Lewis sites being the more abundant). This suggests that
all the reactions for hydrocarbon formation were carried
out at both Brgnsted and Lewis acid sites, but it was the
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Brgnsted sites that mostly promoted the ethanol dehydra-
tion and ethylene oligomerization, as well as the side reac-
tions. Particularly, the aromatization and hydrogen transfer
reactions were reduced when the strength of both Brgnsted
and Lewis acid sites decreased. It demonstrates the impor-
tance of the catalyst acidity for the production of hydrocar-
bons molecules different from ethylene, including conden-
sable compounds.
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