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Abstract

Conversion of ethanol to hydrocarbons was investigated over H-ZSM-5 zeolite and its modification
by addition of phosphorus, iron and nickel. Reaction is realized in a tubular flow reactor at
atmospheric pressure. Catalyst characterization was performed by UV-vis, TG-DTA, XRD, NHs-
TPD, and IR spectroscopy of the surface OH groups and of adsorbed pyridine. High P content
enhances the selectivity to lower olefins, in particular ethylene, as also occurs in the case of Fe
addition. Over Ni-modified zeolites, C4 and aromatics production is promoted. The role of acidity on
the conversion path is briefly discussed.
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1. Introduction

Bioethanol coming from cellulosics could become, in the frame of a new organic chemical industry
based on renewables, a key primary intermediate. A number of secondary intermediates can be
obtained from it. Catalytic dehydration over oxides and zeolites (including H-ZSM-5 zeolite)
produces diethyl ether and ethylene with high yields [1]. However, a number of studies report on
the possibility to produce other hydrocarbons, in particular aromatics [2] and higher olefins, from
ethanol. This process is expected to be similar to the well-established Methanol to Gasoline [3],
Methanol to Olefins (MTO) [4,5,6] and Methanol to Propylene (MTP) processes [7], already
developed at the industrial level producing olefins from methanol over zeolites and Silico-Alumino-
Phosphate (SAPO) catalysts.

To produce lower hydrocarbons, such as light olefins, the use of H-ZSM-5 with a high SiO2/Al,O3
ratio and modified ZSM-5 have been considered. Murata et al. [8] obtained high propylene
selectivity (~ 25%) at SiO»/Al,O3 ratio of 50, selectivity decreasing with increasing SiO»/Al,Os ratio.
A number of studies focus on the effect of crystal sizes [9], porous structure with NaOH-treated
[10] of H-ZSM-5 as well as metal addition such as Mg, Fe, Cr, Ce, Co, Zr, Au, W, La, noble metal,



Molybdenum oxide, Mo.C [11,12,13,14,15,16,17,18,19,20,21] on olefins production from ethanol.
In particular, while Zr- [20], W-, La- [8,18], La- and La-Mg- [19], Fe- and Ni-modification of H-ZSM-
5 are reported to enhance the formation of lower olefins from ethanol [15]. Zn, Ga and Pd doped
ZSM-5 enhance the formation of aromatics [15,22]. In addition, it is evident that the addition of
phosphorus improves the material’s catalytic stability (up to 110h) and resistance to coke formation
as compared to unmodified H-ZSM-5 [23,24]. In this study, we investigate the catalytic
performance of hydrocarbons production from ethanol using H-ZSM-5 with a SiO./Al,Os ratio of 50,
and the addition of HsPO. as source of P as well as the successive addition (P — Fe) and (P —
Ni). The aim of this work is to look to tuning of product selectivity in ethanol conversion over H-

ZSM-5 based zeolite catalysts.

2. Experimental
2.1. Catalyst preparation

The commercial ammonium form zeolites NH4-ZSM-5 (CBV 5524G, SiO»/Al,O3; = 50) from Zeolyst
was used as parent zeolite. NH4-ZSM-5 was calcined at 973 K for 6h to thermally decompose NH4*
to H" and NHs(g), and denoted as Z(700), for comparison the same parent zeolite was also calcined
at 773 K for 4h and denoted as Z(500). Phosphorus modified H-ZSM-5 zeolite was prepared by
impregnation of Z(700) with various amounts of 85% Hs;PO. (Carlo Erba) following the method in
previous study [25], P content varied from 0.5% to 6% wt. All samples were vaporized at 373 K
until drying and then calcined in air at 973 K for 5h, P-modified H-ZSM-5 samples containing a wt%
were labeled as aPZ. Fe(NO3)s.9H,0 (Carlo Erba) and Ni(NOs)..6H.O (Sigma-Aldrich) were used
as metal source, loading of Fe or Ni was 1% (w/w). The addition of Fe or Ni on H-ZSM-5 and aPZ
was impregnated, metal was added into the mixture of 1 g zeolite sample and 5 g distillated water,
the mixture was stirred for 3 h at room temperature then dried and calcined in the same method

with P-modified zeolite above. All zeolite samples are summarized in Table 1.

2.2.  Characterization

2.2.1. FT-IR study
IR spectra were recorded using Nicolet 380 FT-IR spectrometers. Acidity measurements were
taken using the pure powders pressed into thin wafers and activated in the IR cell connected with a
conventional outgassing/gas-manipulation apparatus at 773 K. The activated samples were
contacted with pyridine vapor (pey ~1 torr) at room temperature for 15 min; after which the IR
spectra of the surface species were collected in continuous evacuation at room temperature with
increasing temperature.

2.2.2. TG-DTA study

TG-DTA (Thermogravimetric - Differential Thermal Analysis) was performed using a TG-DSC
Netzsch Geratebau STA 409 (Germany), equipped with a Netztch 410 furnace temperature



controller system. About 50 mg of sample was placed in a cylindrical alumina crucible of 0.1 ml of
volume and 6 mm of diameter and heated from room temperature until 1073 K with a nominal
heating rate of 10 K min™. The weight was continuously recorded by dedicated software. All the
tests were run in static air.

2.2.3. UV-vis analysis

UV-vis analysis was performed using a Jasco V570 instrument, equipped with a DR integration
sphere for the analysis of fresh catalysts powder. All the spectra were recorded in air at room
temperature.

2.2.4. XRD analysis

X-ray powder diffraction patterns were carried out with a X-Pert Philips diffractometer using a Cu
Ka radiation.
2.2.5. NHs-TPD experiment

NHs-temperature-progammed-desorption (TPD) experiments of investigated samples were carried
out by using Nicolet 380 FT-IR spectrometers for desorbed ammonia continuous detection. The
mixture of 150 mg of catalyst and 500 mg of sand (50-70 mesh sieved, Sigma-Aldrich, calcined at
1073 K) was placed in a tubular flow reactor and pretreated in N» flow (50 cc/min) at 773 K for 1h,
adsorption of NH3 at 373 K for 1h by flowing of 1% NHaz/He (40 cc/min) after cooling down the
reactor to 373 K in flow of N2, then desorption of weak or physical adsorbed NHs in N; flow at 373
K for 1.5h. TPD profiles were obtained under condition of Nz flow (90 cc/min) with the temperature
varying from 373 to 950 K at 10 K min™.

2.3.  Catalytic experiment

Catalytic experiments were performed at atmospheric pressure in a tubular flow reactor using the
mixture of zeolite and quartz (60-70 mesh sieved) and feeding 7.9% v/v ethanol in nitrogen. The
carrier gas (nitrogen) was passed through a bubbler containing ethanol (99.5%, Sigma-Aldrich)
maintained at constant temperature (298 K) in order to obtain the desired partial pressures. The
temperature in the experiment was varied stepwise from 373 K to 873 K.

Ethanol conversion is defined as usual:

Xeton = (Netor(in) — NEtoH(out))/ NEOH(N)

While selectivity to product i is defined as follows:

Si = ni/(vi(NetoH(n) — NEtOH(Eut))

where n; is the moles number of compound i, and v; is the ratio of stoichiometric reaction
coefficients.

The outlet gases were analyzed by a gas chromatograph (GC) Agilent 4890 equipped with a
Varian capillary column “Molsieve 5A/Porabond A Tandem” and TCD and FID detectors in series.

In order to identify the compounds of the outlet gases, a gas chromatography coupled with mass



spectroscopy (GC-MS) Thermo Scientific with TG-SQC column (15 m x 0.25 mm x 0.25 pum) was
used.

3. Results

3.1. Characterization of the fresh investigated catalysts

3.1.1. IR study of the surface hydroxyl groups

The IR spectra of the OH hydroxyl groups (OHSs) of zeolite samples are presented in Fig. 1. All
samples show three main region bands as usual [26,27]: a strong and sharp OH stretching band
(vOH) at 3742 cm due to weakly acidic terminal silanol groups located on the external zeolite
surface, the band at 3606 cm™ assigned to the bridging hydroxyl Si-OH-AIl groups on the inner
surface and possessing a strong Brgnsted acidity [28,29], one or more bands in the region near
3660 cm™ corresponding to OH groups on extraframework aluminium species. All bands tend to
reduce in intensity by impregnation of P, Ni and Fe. The bridging hydroxyl Si-OH-Al band
decreases in intensity significantly after addition of phosphorus, and almost disappears in the case
of 6PZ, where a new weak band appears near 3665 cm™ possibly due to contribution of P-OH
groups [30]. The bridging hydroxyl Si-OH-Al band of FelPZ and NilPZ lost intensity remarkably in

comparison with 1PZ catalyst.

3.1.2. XRD
XRD patterns of some investigated samples are presented in Fig. 2. All samples exhibited typical

H-ZSM-5 zeolite structure without the appearance of any new peak, suggesting that no additional
crystalline phases are detectable, as reported previously [24,31]. The intensity of XRD patterns
significantly decreases after addition of phosphorus, in particular the main peak at 23.2° of 6PZ
reduces slightly half of intensity in comparison with parent zeolite, due to the framework defects
caused by dealumination [32,33]. In case of addition 1% Fe and 1% Ni on H-ZSM-5, the shape of
XRD patterns also is unchanged, in agreement with previous studies [34,35].

3.1.3. Pyridine adsorption

The surface acidity of zeolite samples was studied by IR spectroscopy, using pyridine as a probe
molecule. Fig. 3 shows the subtraction spectra of pyridine adsorbed on zeolite samples after
outgassing at 423 K. All present the features of pyridinium ions (in particular the 8a band at ca
1637 cm?, and the 19a and 19b bands at 1545 and 1490 cm™), as the result of their Brgnsted
acidity. This band decreases in intensity following the addition of P as well as Ni and Fe, and have
minimum intensity in the case of 6PZ. The features of adsorbed molecular pyridine (i.e. the 19b
band at 1451-1448 cm?, together with 8a bands in the 1615-1595 cm™ region) show the presence
of significant amounts of Lewis acidity on the Z(700) sample, attributed to extraframework Al-
containing species [36], FelPZ and, more intense, on NilPZ. In contrary, these bands are very

weak, if at all, on 1PZ and 6PZ samples. This suggests that the addition of phosphorus covers the



extraframework Alumina-like species and that Fe and Ni cations [37,38] display remarkable Lewis

acidity.

3.1.4. UV-vis study

The diffuse reflectance UV-vis spectra, recorded in air, of the fresh catalysts are presented in Fig.
4. The spectra of aPZ samples are the same shape of parent zeolite H-ZSM-5, showing no definite
absorption in the near UV and visible range. In the case of Fe-modified zeolite samples, strong
absorption appear in both near UV and visible region (Fig. 4b), arising from O* — Fe®" charge
transfer and Fe3* d — d transitions. The referential Fe.O3; oxide shows two similar bands at 365 nm
and at 525 nm corresponding to oligomeric clusters and large Fe;Os particles [39], respectively. All
Fe-modified zeolite samples show more intense the former band, suggesting the presence of small
Fe-Os —like clusters. The spectra of the Ni-modified zeolite samples also differ from that of parent
zeolite mainly in the visible region. The spectra of all Ni-containing zeolites show a broad band
near 720 nm, maybe due to contribution of nickel ions in a near tetrahedral coordination [40]. Over
Ni-P zeolites a new band appears near 450 nm likely due to a second Nickel species. The spectra,
due to Ni** d— d transitions, do not provide evidence of the presence of bulk Ni oxide, but should

be attributed to dispersed cationic Ni species.

3.1.5. NHs-TPD
The Fig. 5 presents the NHs-TPD profiles of H-ZSM-5 and modified catalysts in the temperature

range 373-950 K are shown. Parent zeolite shows two desorption peak: one centered at ca. 500 K
and the other at 675 K, corresponding to weak and strong acid sites, respectively. With increasing
phosphorus loading, the intensity of strong acid sites desorption peak decreases significantly, while
weak acid sites desorption peak shifts toward higher temperature and slightly increases the
intensity. Interestingly, with higher amount of phosphorus addition (6%), only one peak is observed
at intermediate temperature (ca. 610 K), although with a pronounced tail towards higher
temperature. This behavior compares quite well with the data coming from IR spectra of the OH
groups and pyridine adsorption experiments, showing that strong “zeolitic” Brgnsted sites
progressively disappear by P addition, together with extraframework Lewis acid sites, while weaker
Brgnsted sites of the POH type form also in the case of Ni and Fe containing samples the Zeolitic
Brgnsted sites decrease in amount. The broad and weaker component at ca. 650 K on Fe-
containing samples can be due to the Lewis acidity of Fe3* while the desorption peak at ca. 850 K
observed for Ni-containing samples suggests that addition of Ni on H-ZSM-5 results in few new

“very strong” Lewis acid sites.

3.2.  Catalytic conversion of ethanol.



In Fig. 6 the performances of the starting zeolite catalyst (calcined at 773 K) in ethanol conversion
upon increasing temperature are reported. The conversion of ethanol becomes detectable at 393 K
and is complete at 523 K. Diethyl ether is essentially the only product until 453 K while dropping in
favor of ethylene whose selectivity rises more than 90 % at 523 K. However, also ethylene
selectivity drops at higher temperatures in favour of a number of other hydrocarbons, such as
propane, propylene, butene, butane and aromatics. At 573 K ethylene selectivity drops to 20% with
80% selectivity to higher hydrocarbons.

To attempt the massive production of higher hydrocarbons from ethanol on zeolite H-ZSM-5, the
catalytic conversions at temperatures higher than 523 K were investigated. To establish catalyst
stability at high temperature, the catalyst was previously calcined at 973 K.

Also over H-ZSM-5 calcined at 973 K (Z(700)) (Fig. 7), ethanol is totally converted from 573 K, but
ethylene selectivity is retained higher than on the zeolite catalyst calcined at 773 K (Z(500)) (80%).
However, ethylene selectivity decreases down to near 50 % at 673 K with corresponding
increasing selectivities to light paraffins and other alkenes. However, further increase of the
reaction temperature causes a recovery of ethylene selectivity and a drop of other hydrocarbon
selectivities over both Z(700) and Z(500) catalysts, where aromatics selectivity is actually very low
in these conditions. A very different situation is observed in the case of 6PZ: ethanol reaches
complete conversion only at 673 K (thus showing that 6% P decreases strongly the catalytic
activity), and the main products are diethyl ether and ethylene at low temperature, and almost only
ethylene at high temperature (= 673 K), no other hydrocarbon being observed. Thus over 6PZ
eythylene selectivity is much increased at full ethanol conversion, to 100%.

Fig. 8 shows the main product selectivites with different reactor space time (gca/MOlethano) OVeEr
Z(700) catalyst after 3.5 h time-on-stream at 673 K. The ethanol conversion was constant at 100%
but ethylene selectivity decreases remarkably by increasing reaction space time, while the
selectivities to CsHs, CH3CHO and Cs. increase all slightly. Aromatics are not formed at very low
W/F (0.0064 kg h mol?), but are produced progressively more and more at increasing W/F.

To have a look of what happens with the different catalysts we compared in Fig. 9 the product
selectivities obtained at 673 K after 4.5 h time on stream and W/F = 0.0258 kg h mol™. In all cases
ethanol conversion is 100%. It is quite evident that selectivity to ethylene is increased by P, Fe and
Fe-P additions up to 90 %, while aromatics and C, selectivities are significantly increased by Ni
and Ni-P addition up to 18 and 16 %, respectively. Selectivity to propylene is maximum on non-
modified Z(700) (22 %) being decreased slightly by Ni addition and more by P, Fe and Fe-P

addition.

3.3.  Characterization of the exhausted catalysts by TG-DTA
The activity and stability of catalysts may depend on presence of coke on the surface of catalysts.

The amount of deposed coke was calculated by combustion of carbon species of spent catalysts
using TG-DTA. Fig. 10a shows the comparison of TG and DTA curves of parent zeolite Z(700) and

P-modified zeolite. Increasing the P content in catalysts, the coke presence, calculated as the



weight loss in the temperature range 453-973 K, is reduced from 1% to 0.5%. This means a
positive effect in reduction of the coke formation on the surface of catalysts due to phosphorus.
The same effect can be appreciated for Ni-modified zeolite samples. In this case, the carbon coke
is reduced from about 2 % (NiZ) to 1 % (Ni0.5PZ) (Fig. 10b). By contrast, no effect due to P is
evident in the catalysts with Fe, in which only 1% of coke is found for almost Fe-modified zeolite
samples (Fig. 10c, d and e). In case of Ni- and Fe-modified zeolite samples, the DTA curve shows
two peaks in the temperature region 523-623 K and 673-873 K possibly due to two different coke
family structures formed on zeolites. The DTA peak at ca. 673-873 K can be assigned to the
combustion of “hard” coke, essentially located in the zeolite cavities [41]. In Fig. 10c, The TG curve
indicates that coke formation on NiZ is higher on that of FeZ, suggesting that Fe-containing
catalysts can be more stable than Ni-containing catalysts. However, with co-modification of both P
with Ni or Fe, the coke formation is similar in all cases (Fig. 10d and e). On the other hand, P is
more effective than Ni and Fe in the coke reduction on the zeolite samples.

4. Discussion
The data reported here allow to correlate the catalytic activity of modified H-ZSM-5 catalysts with

their surface acid properties. As discussed in several papers, the catalytic activity of H-ZSM-5
zeolite in converting ethanol is essentially due to the strength of their zeolitic surface hydroxyl
groups [36] well evident in the OH stretching IR spectra (3606 cm™, Fig. 1) and in the spectra of
pyridine adsorbed as pyridinium ions (1637, 1545 and 1490 cm™, Fig. 2). While diethyl ether is the
main product of ethanol conversion on this zeolite at low temperature, ethylene is the main product
at full conversion and higher temperature (500-550 K). However, by further increasing reaction
temperature or contact time (W/F) ethylene selectivity drops in favour of higher hydrocarbons, such
as propylene, butenes, butanes and aromatics.

The addition of phosphorus on the zeolite decreases the catalytic activity (conversion of ethanol)
but increases the selectivity to ethylene up to >80 % or even 100 % for 6 % P at full ethanol
conversion. This corresponds to the killing of the zeolitic surface hydroxyl groups, for which
evidence is provided by IR spectroscopy in the OH stretching region, pyridine adsorption and
ammonia TPD, and the appearance of weaker Brgnsted acidic POH groups (3665 cm™, Fig. 1). P
addition also results in a lowered deposition of coke, likely associated to increased catalyst
stability.

The impregnation with iron produces on the fresh catalyst small Fe.Os-like clusters (UV-vis
spectra) carrying Lewis acidity (IR spectra of adsorbed pyridine) which displace surface OH groups
(IR spectra) thus decreasing the number of Brgnsted acid sites. The result of this is to improve the
selectivity to ethylene with decreasing selectivity to other hydrocarbons. This behavior can be
interpreted as being primarily due to the decrease of the amount of Brgnsted sites. It is

consequently supposed that the overconversion of ethylene to higher hydrocarbons is associated



not only to the strength of the surface Brgnsted sites (the lower the strength, the less the
overconversion to higher hydrocarbons), as evidenced by P modification, but also to the number
(the lower the number of sites, the less the overconversion to higher hydrocarbons).

The impregnation with Ni produces isolated Ni cations carrying Lewis acidity. The addition of Ni
appears to have the peculiar activity of favoring C4 and aromatics production with decreasing both
ethylene and propylene selectivity. This behavior may be associated to the well-known ability of Ni
species to catalyze olefin oligomerization, in particular ethylene oligomerization [42,43]. The
reduction of the propylene selectivity by Ni may give an indication on its forming path: it likely
arises from cracking of oligomers, catalyzed by strong Brgnsted acid sites (in fact it is maximum on
unmodified Z(700)) but not by Nickel.

5. Conclusions.
The main results of this work are the following:

1. Addition of phosphorus to H-ZSM-5 reduces significantly the acidity of zeolite, thus
enhancing selectivity in the formation of ethylene from ethanol conversion, and decreasing
its overconversion to higher hydrocarbons. It also reduces the formation of coke.

2. Iron also decreases the acidity by exchanging the protons, and has a similar effect as
phosphorus.

3. Ni-modification of the zeolite catalyst also decreases Brgnsted acidity but produces active
sites for oligomerization, finally producing more C, and aromatics.

4. The higher selectivity to propylene (no more than 22 %) is obtained on unmodified H-ZSM-
5 zeolite and is attributed to the ability of zeolitic protonic sites both to oligomerize ethylene

and to crack oligomers.
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Table 1. The summary of investigated catalysts

Notation | P (% wt/wt) | Fe (% wt/wt) | Ni (% wt/wt) Preparation

Z(500) - - - Calcined NH4-ZSM-5 in air at 773 Kfor 4 h

Z(700) - - - Calcined NH4-ZSM-5 in air at 973 K for 6 h

0.5Pz 0.5 - - Added a% P from 85% HsPO,into H-ZSM-5, dried 373 K and
1Pz 1.0 - - calcined in air at 973 K for 5 h

6PZ 6.0 - -

FeZ - 1.0 - Impregnation of Fe with Z(700) or aPZ, stirred for 3 h, then
Fe0.5PZ 0.5 1.0 - dried at 373 K and calcined in air at 973 K for 5 h.

FelP 1.0 1.0 -

NiZ - - 1.0 Impregnation of Ni with Z(700) or aPZ, stirred for 3 h, then
Ni0.5PZ 0.5 - 1.0 dried at 373 K and calcined in air at 973 K for 5 h.

NilPZ 1.0 - 1.0




Figure captions

Fig. 1. FT-IR spectra of investigated catalysts after activation at 773 K (vOH region)

Fig. 2. XRD patterns of some investigated catalysts

Fig. 3. FT-IR subtracted spectra of surface species arising from pyridine adsorbed on some
investigated catalysts

Fig. 4. UV-vis spectra of fresh investigated catalysts

Fig. 5. NH3-TPD profiles of some investigated catalysts

Fig. 6. Ethanol conversion and product selectivities as a function of reaction temperature.
Condition: 0.5 g of zeolite catalyst calcined at 773 K with W/F = 0.0325 kg h mol™.

Fig. 7. Ethanol conversion and product selectivities as a function of reaction temperature.
Condition: 0.1 g of zeolite and 0.1 g of quartz with W/F = 0.0129 kg h mol*

Fig. 8. Product selectivities as a function of reactor space time over Z(700) catalyst after 3.5 h
time-on-stream at 673 K.

Fig. 9. Plots of (a) C2H4 selectivity vs propylene+C, selectivity; (b) the ratio of propylene/aromatics
vs the ratio of propylene/ethylene; (c) the ratio of Cs/aromatics vs the ratio of Cas/ethylene; (d)
aromatics selectivity vs propylene+C, selectivity; (e) selectivity to propylene vs the ratio of
propylene/ethylene; and (f) selectivity to C4 vs the ratio of Cs/ethylene. All data here in selectivity
after 4.5 h time-on-stream at 673 K with 0.0064 kg h mol™.

Fig. 10. TG-DTA curves of spent zeolite samples after 7.5 h time-on-stream at 673 K, under air

flow.
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