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Nowadays, the conversion of ethanol into valuable chemical products is getting wider application. One of
such promising processes is Guerbet condensation of alcohols, which permits the obtaining of 1-butanol from
renewable raw materials that are alternatives to petroleum ones. Oxide systems combining acid and basic sites in
their composition are promising catalysts for such a transformation. In this study, the efficiency of the magnesium-
aluminum oxide and zirconium-oxide catalysts was compared to the activity of the cesium form of X-type zeolite
produced by hydrothermal ion exchange in the condensation of ethanol to 1-butanol. The integrity of the zeolite
structure was confirmed by using the XRD and XRF analysis, as well as by the IR spectroscopy. The depth of
exchange of native sodium for cesium was 82 %. It was also found that cesium cations are localized only in ion-
exchange positions of faujasite, in places SIII (supercages) and SI' (sodalite cages). CsX zeolite acid to basic sites
ratio was found to be close to optimal for this reaction. Cesium-containing zeolite at 300 °C shows ethanol 35-55 %
conversion and 20-25 % selectivity for 1-butanol, which is higher than the same characteristics for zirconium
samples, but slightly inferior to magnesium-aluminum oxide catalysts. The obtained results indicate the promising
use of zeolites of a similar nature in the process of condensation of ethanol to 1-butanol.
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Introduction

1-Butanol is widely used as a solvent, extractant, and raw material for the production of
methacrylates and butyl acrylate for coatings, enamels, and varnishes [1, 2]. A relatively new field of
application for 1-butanol is its addition to gasoline instead of ethanol [2-5]. The world production of
butanol-1 in 2017 was about 5.4 million tons, but according to forecast estimates, in the near future, the
demand for butanol will reach about 20 % of world fuel needs [6].

Traditionally, 1-butanol is obtained in the process of hydroformylation of petroleum-derived
propylene with subsequent hydrogenation of the obtained 1-butanol under high pressure conditions
(~ 30 MPa) using cobalt (Rh or Ru) catalysts in the first stage and nickel catalysts in the second stage [7].
Another commercial approach to obtaining butanol is the fermentation of carbohydrates by anaerobic
bacteria of the Clostridia class, the ABE (acetone-butanol-ethanol) process. The main problems with the
latter are the significant duration of the process, the high cost of the substrate, and the low concentration
of the obtained biobutanol [6, 8].

Guerbet condensation of alcohols, consisting of the doubling of the alcohol chain, is a promising
method of converting light alcohols into higher ones [9]. Currently, industrial production of higher
alcohols by Guerbet condensation is carried out on combined catalysts (liquid alkalis together with a solid
catalyst based on transition metals) [10-12]. Its implementation requires high-cost equipment design for
separation, purification, recovery, and processing of waste, as well as the use of catalysts with precious
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metals. As a result, the production of alcohols by Guerbet condensation is so far only profitable for the
particularly valuable higher alcohols Cs-.

Therefore, there is considerable interest in the development of cheaper solid catalysts that would
allow the process to be implemented in flow mode, eliminating the problems of separating them from the
reaction mixture and the corrosion of the equipment. On the one hand, carrying out the reaction in the
vapor phase would allow the process to be implemented at atmospheric pressure, which, accordingly,
would have fewer technological limitations than in liquid-phase systems with high pressure [9].

Systems based on MgO-Al203and ZrOz are considered promising for the development of effective
catalysts for the production of 1-butanol, for which there is a possibility of targeted regulation of structural-
dimensional and acid-base characteristics at the synthesis stage by changing the ratio of active components
in the composition of catalysts, the conditions of their formation, and also by introducing modifying
additives [13-15].

Works [13-15] show that for the effective conversion of ethanol into 1-butanol, the MgO-AL2O3
binary oxide catalyst must include Lewis acid-base pairs (Mg-O-Al) formed during the calcination of
hydrotalcites. The highest yield of 1-butanol (18 %) was achieved in the presence of a catalyst with a
Mg/Al ratio of 2. It was found that the modification of Mg-Al-oxide systems with cerium cations leads to
an increase in the concentration of acid and basic sites on the surface of the catalysts, which ensures an
increase in the specific rate of 1-butanol formation compared to the unmodified catalyst.

In paper [16] different metals (Cu, Ni and Co), at various metal loadings were deposited on the
alumina support. Consequently, the catalytic reactions were carried out in a continuous laboratory-scale
fixed bed reactor operated at 240 °C and 70 bar [16]. On the best catalysts, the selectivities towards
1-butanol close to 70 % were reached, while the ethanol conversions typically varied between 10 and
30 %. The latter strongly depends on the metal applied.

Rubidium-modified zeolites were also studied as catalysts for gas-phase condensation of lower
alcohols [17, 18]. The selectivity for butanol-1 was 40, 37, and 20 % on rubidium-modified zeolites
Rb-LiX, Rb-NaX, and Rb-KX, respectively. At the same time, samples without rubidium only catalyzed
dehydrogenation.

Selective zeolite catalysts for the alkylation of toluene with methanol in the side chain [19, 20] also
possess a combination of acidic and basic active sites. Moreover, according to the proposed reaction
mechanism, acid sites are responsible for alkylation of toluene in the benzene ring, while basic ones are
necessary for alkylation in the side chain. Faujasite-type zeolites modified with cesium act as effective
catalysts for this transformation [21].

Therefore, the purpose of this work was to evaluate the efficiency of a cesium-containing zeolite
of the faujasite-type in the gas-phase conversion of ethanol to 1-butanol, as well as to compare its activity
with magnesium-aluminumoxide and zirconiumoxide systems.

Experimental

Catalyst synthesis

X-type zeolite (SiO2/Al203 = 2.3, TU 38.102168-85, static capacity for water vapor: 0.30 cm?/g,
for benzene vapor: 0.29 cm®/g, fraction 0.5-1 mm) was subjected to a two-time exchange for cesium
cations from a 1 N aqueous solution of nitrate (chemically pure, TU 6-09-437-83) for cesium form
synthesis. The ratio of solid to liquid phases in hydrothermal ion exchange was 1:5. Exchanges were
carried out sequentially at 140-150 °C for 2 h in a rotating stainless steel autoclave with intermediate
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washing with distilled water. The elevated temperature was used to destroy the hydrate shell of the
introduced cations and thereby increase the depth of the exchange. After completion of the procedure, the
sample was thoroughly washed with distilled water until the absence of NO3™ ions and dried in air.

Catalyst characterization

2Na, 2’Al, '3Cs NMR spectra were recorded on an AVANCE 400 spectrometer (Bruker).
Recording was carried out in accumulation mode at frequencies v 105.842, 104.261, and 52.482 MHz,
respectively. Chemical shifts & were determined relative to the standards: solutions of NaCl, Al(H20)s>"
and CsNOs. The sample was placed in borate glass ampoule (5 mm diameter).

FTIR spectroscopy. IR spectra in the region of framework vibrations (400-1200 cm™') were
recorded on an IR-Fourier spectrometer IR Affiniti-1s (Shimadzu, Japan) with a Specac Quest GS 10801-B
disturbed total internal reflection (ATR) attachment. The sample was applied to the surface of the diamond
prism of the ATR attachment, and the spectrum was recorded. The spectral resolution was 2 cm™!.

N> adsorption. Low temperature nitrogen adsorption/desorption isotherms for samples were
measured on a Quantachrome Autosorb NOVA 1200e® automatic sorbometer (USA) after thermal
dehydration at 180 °C for 20 hours. Utilizing the NOVAW in 11.04 software, the parameters of the porous
structure were computed.

X-ray fluorescence (XRF) analysis. The elemental analysis of the samples were carried out by XRF
spectroscopy on the Oxford Instruments X-Supreme 8000 analyzer (Great Britain) using the mineral
analysis program.

XRD. The XRD patterns of the zeolite sample was recorded on a DRON-4-07 diffractometer in the
CuKa radiation of the anode line with a Ni filter in the reflected beam in the Bragg-Brentano shooting
geometry in the angular range of 3.5-80 degrees 20 with a step of 0.05 degrees and exposure at a point of
1 sec.

Catalytic investigations

Catalytic studies were carried out in a flow unit under atmospheric pressure in a quartz reactor
(internal diameter 10 mm) with a fixed catalyst layer (0.5 g, 0.25-0.5 mm) at 300, 325 and 350 °C. Ethanol
(azeotrope 95.6 %, the rest H2O) was fed into the evaporator using a syringe infusion pump
(WHSV = 0.14 g-gcar "h!). Argon was used as a carrier gas at a flow rate of 10 ml/min. Reactants and
reaction products were analyzed on a NeoCHROM gas chromatograph equipped with a flame ionization
detector and a capillary column (HP-FFAP, 50 mx0.32 mm).

Catalytic activity of the catalysts was characterized by ethanol conversion (Xzon):

0
_ Ngton — NEtoH 0
XEtOH —_ 0 ¢ 100, mOZ /0,

Ngton
where n°gon is the initial amount of moles of ethanol in the feed, mol/h; neon is unreacted ethanol at the

exit of reactor, mol/h.
Selectivity to products (Si) and butanol yield (Ya.orn) have been calculated in accordance with:

- 100, mol %,

n;

Si =
* (Zon — Necon)
Xeton " Spuon
Y, =— 9
BuOH 100 ,mol %,
where ni is amount of moles of identified product.
The productivity of the catalyst has been calculated using the formula:

YB OH * W N 08
Pguon = - 100 ,mmol/gcae. h
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where YBuon - yield of butanol, mol %; W - ethanol weight hourly space velocity mmolgion/(geat-h), 0.8 -
is the maximum possible amount of butanol (g) that can be produced from 1 g of ethanol.

Results and Discussion

Catalyst characterization

Based on the X-ray fluorescence analysis data, the SiO2 to Al2Os3 ratio in the zeolite framework
and the degree of cesium exchange were calculated to be 2.5 and 82 %, respectively. Therefore, during
the ion exchange procedure, the chemical composition of the aluminosilicate framework of the zeolite
undergoes only minor changes.

The porous characteristics of the original sodium form and the exchanged cesium form were
investigated by the low-temperature nitrogen adsorption/desorption. The calculated characteristics are
summarized in the Table. 1. As can be seen, as a result of the exchange of native sodium for cesium, the
BET surface (SBET) and the surface of micropores (Smicro) are significantly reduced. Correspondingly, the
volumes of total pores (Vs) and micropores (V'micro) also decrease. These effects can be related, firstly, to
the destruction of the sample and, secondly, to the almost twice larger size of the effective diameter of the
cesium cation (3.38 A) compared to the sodium cation (1.9 A). The second one is more realistic.

Table 1. Charaterictics of porous structure of zeolite samples according to low temperature nitrogen
adsorption/desorption

SBET, Smicro, Vtmicro, VZ, R,

Sample m2 /g mz /g cm3 /g Cl’l’l3 /g Vmicro/ Vs nm
NaX 689 669 0.279 0.323 0.86 0.9
CsX 345 329 0.140 0.180 0.79 1.0

The degree of exchange for cesium cations and the integrity of the crystal structure of the CsX
catalyst were confirmed by NMR.

b c
2.2 ppm 65 ppm
0 -100 -200 60 30 0 -30 60 200 100 0 -100
81330 PPM )38 PPM 8)7a1 PPM

Fig. 1. '33Cs (@), *Na (b), and >’Al (c) NMR spectra for CsX sample

The '3Cs spectrum of the CsX sample is a superposition of two signals with chemical shifts of
-116 ppm and -160 ppm (Fig. 1 a), which indicates the presence of cesium in the sample in ion exchange
positions. The first intense signal corresponds to cesium cations in the SIII positions of the supercages of
the faujasite structure, and the second to cations in the SI' positions in the sodalite cages [22]. The **Na
spectrum (Fig. 1 b) is dominated by the signal (6 = 2.5 ppm) corresponding to residual sodium cations in

Catalysis and Petrochemistry, 2023, 34



54 Kamaniz ma nagpmoximia, 2023, Ne34

hexagonal prisms (SI sites) [23]. Significant in intensity signals, which would indicate the presence of
sodium cations in sodalite cages and/or in supercages, are not observed in the 2*Na NMR spectrum of the
CsX sample. All this confirms the high degree of exchange of the original sodium cations for cesium
cations.

The only signal of tetrahedrally coordinated aluminum present in the 2’Al spectrum (Fig. 1 ¢)
(0 = 65 ppm [24, 25]) proves the integrity of the crystal structure of the sample.
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Fig. 2. XRD pattern of CsX sample. Main characteristic lines in accordance with [26, 27]

The main lines of the XRD pattern (Fig. 2) correspond to the faujasite zeolite phase, however due
to the change in the sample cationic composition and the addition of cesium cations, there is a
redistribution of the strength of several reflexes in comparison to the native sodium form [26]. There were
no cesium-containing compounds in the crystalline form in the sample.
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Fig. 3. IR spectrum of CsX (1) sample in comparison with spectra of origin NaX (2) zeolite in the region
of lattice vibrations

The analysis of IR spectra (Fig. 3) showed the preservation of the type X zeolite characteristic
absorption bands [28] and the invariance of the zeolite structure after ion exchange. In particular, in the
spectrum of the CsX sample compared to the spectrum of the original NaX zeolite, there is no high-
frequency shift of the absorption band related to asymmetric valence vibrations of T-O bonds of tetrahedra
(954 cm™), and therefore, structural dealumination of the CsX sample does not occur. Also, the absorption
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band in the region of 900 cm™!, which is often associated with various types of structural defects, is not
observed in the CsX spectrum.

Catalytic properties

Before the reaction, the catalyst was activated by dehydration in an argon flow up to 500 °C with
exposure for 1 h. After cooling to 300-350 °C, the reaction mixture was fed. Ethanol conversion and
selectivity for the main products were calculated based on their quantities recorded in the time period from
0.5 to 6 h from the start of the experiment.

The dependences of ethanol conversion and product selectivity on time on stream (TOS) for 6 h
are shown in Fig. 4. As is known, in addition to the target reaction of the formation of 1-butanol (BuOH),
a number of other side transformations occur [13-15]. The target product 1-butanol reacts both with itself
(self-condensation) and with the original ethanol (cross-condensation) with the formation of higher
alcohols: 2-ethyl-1-butanol, 1-hexanol (HeOH), 2-ethyl-1-hexanol, and 1-octanol. Dehydration of
1-butanol and the formation of a mixture of butenes (But) also occur. In addition, ethylene (Et), light C24
transformation byproducts, acetaldehyde, diethyl ether, acetone, ethyl acetate, heavier Cs+ condensation
products (higher aldehydes, ketones, and aromatics) were recorded among the byproducts.

The initial conversion of ethanol (TOS = 0.5 h) at 300, 325, and 350 °C in the presence of the CsX
catalyst has close values of 31-35 %. At 350 °C, Xgton significantly increases at TOS = 1 h to 58 %, while at
300 and 325 °C, the ethanol conversion values during the experiment do not exceed the initial ones. For all
investigated temperatures, a decrease in Xgton over time is observed, presumably due to catalyst deactivation.

The highest selectivity for 1-butanol of 31 % is achieved at 300 °C, but it decreases over time.
Also, the yield of the target product is very small due to low ethanol conversion. At 350 °C, the selectivity
for 1-butanol is stable over time at a level of 20 %, and the yield is 10 % (TOS = 2 h). In general, it was
established that in the presence of CsX zeolite, there is a predominant formation of Ce+ products of deep
condensation—further transformations of 1-butanol with ethanol and other compounds with the formation
of higher oxygenates (aldehydes/ketones) and possibly aromatics.

The results of catalytic tests on the synthesized sample are summarized in Table 2 in comparison
with magnesium-aluminum and zirconiumoxide catalysts [13-15].

Table 2. Catalytic properties of zeolite CsX and comparison samples (Mg-Al [13], Zr [14, 15])

Sample TOS, h Xgton, mol % Seuon, mol % Ysuon, mol %
CsX' 2 50 20 10
CsX! 4 43 23 10
CsX? 2 15 26 4
CsX? 4 13 22 3

Mg-Al-2? 2 27 65 18
Mg-Al-Ce-2? 2 20 70 14
Mg-Al-Ce-1? 2 12 68 8

ZrO,! 2 10 20 2
Zr0,-Ce-10! 2 13 32 4.2

1-350°C;2-300°C

As can be seen, cesium-containing zeolite X occupies an intermediate position between
magnesium-aluminumoxide samples and zirconium samples in terms of its efficiency, demonstrating at
350 °C 1-butanol yields at the level of 10 % with selectivity for 1-butanol about 20 % at medium level of
ethanol conversion (43-50 %).
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Fig.4. Catalytic performance of CsX sample in ethanol conversion in a flow mode during 6 h time on
stream

Since the presence of both acidic and basic sites in the catalysts is necessary for the targeted
transformation, it was interesting to compare the samples according to this indicator. Table 3 shows the
acid to basic sites ratio determined by using desorption of ammonia and carbon dioxide for the comparison
samples, as well as the zeolite sample. For the latter, this ratio is given based on the yield of the products
of alkylation of toluene with methanol in the side chain (basic sites) and into the benzene ring (acid sites)
[21], which was stable in the temperature range from 400 to 500 °C.
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Table 3. Acid-to-basic sites ratio (Ca/Cp) in the samples

Sample C/Cy Sample Co/Cy
CsX 32%* Mg-Al-2 2.9
71O, 1.9 Mg-Al-Ce-2 3.0

Z10y-Ce-10 1 Mg-Al-Ce-1 2.6

* calculated using data for alkylation of methanol in side chain and in the benzene ring

The highest yields of 1-butanol are characterized by samples in which acid sites three times
predominate over basic ones (Mg-Al-2 and Mg-Al-Ce-2). Significantly smaller ratios for zirconium
samples significantly worsen their activity. On the other hand, the synthesized zeolite sample has a slightly
higher than optimal proportion of acid sites, which is obviously related to its intermediate activity. The
productivities of the catalysts were 0.3-0.4, 0.24, and 0.04-0.06 mmol/gcat/h for Mg-Al-oxides, CsX, and
ZrO2-based catalysts, respectively.

Thus, taking into account the good performance of cesium-modified zeolite X, the latter can be
used as a basis for further research. The additional introduction of cesium by impregnation, as well as the
addition of cerium, which performed well on magnesium-aluminum and zirconium oxide samples, also
look promising.

Conclusions

According to the results of X-ray diffraction and X-ray fluorescence analysis, NMR, and
IR spectral studies, the CsX zeolite synthesized by ion exchange with a high degree of sodium to cesium
exchange retained its crystalline structure. In particular, in the '33Cs NMR spectrum of zeolite, there are
two signals of chemical shifts, -116 and -160 ppm, reflecting cesium cations in supercages and sodalite
cages (sites SIII and SI', respectively). The chemical shift at 2.5 ppm reflects residual sodium cations in
hexagonal prisms. Signal of tetrahedrally coordinated aluminum confirms the high crystallinity of the
sample. The latter is confirmed by diffraction data and IR spectra of vibrations in the region of the zeolite
framework. CsX zeolite demonstrates results comparable to magnesium-aluminumoxide systems in the
conversion of ethanol to 1-butanol in flowing vapor phase conditions, which indicates the perspective of
further research on similar nature zeolite samples.

The obtained results confirm that the number of acid sites in the catalyst should be three times
greater than the number of basic sites for an effective course of ethanol conversion into the target direction
of the formation of 1-butanol and the minimization of side reactions.
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[lepeTBOpEeHHS eTaHOY Y WiHHI XiMi4HI IPOAYKTH Ha0yBa€ Bce IMPLIOTo 3acTocyBaHHsA. OJHUM i3 TaKHX
MIePCICKTUBHUX TIPOIECIB € KOHIEHCAIlis ChupTiB 3a [epbe, 1o mo3Bojsie oTpuMyBath 1-OyTaHonm i3
IbTEpHATUBHOI HA(QTOBIH  BIAHOBIIOBAIBHOI CHPOBUHH. baratooOilfiounMu  KaTai3aTopaMH  TaKOTO
MEPETBOPEHHS € OKCUAHI CUCTEMH, 1[0 TIOEAHYIOTh Y CBOEMY CKJIaJl KHCIIOTHI Ta OCHOBHI HEHTpH. Y AaHiil poOOTi
OIIIHEHO aKTWBHICTh Yy KOHJIEHcallii eraHomy 1o l-OyraHomy mesieBoi (opMu meoniTy TUMy X, OAepiKaHoi
TiApOTEpMATEHAM 1OHHMM OOMIHOM, a TaKOXX IPOBEIEHO IOPIBHAHHS ii €(EKTUBHOCTI 3 MarHii-aTroMiHii-
OKCHIHHMMHU Ta LIUPKOHIH-OKCHJHUMH KaTamizaropami. LiTiCHICTh HEOMITHOI CTPYKTYPH MiATBEPIKEHO METOIAMH
peHTreHo()a30BOTO Ta peHTTeHO(IyOPHUCIIEHTHOTO aHali3y, a Takox [Y-crekrpockormii. CTymiHe 0OMiHY HaTpiro
Ha me3i ckiaB 82 %. 3HaWIeHO TaKOoX, IO KaTiOHW IEe3if0 JIOKAJTi30BaHi JHIIe y 10HOOOMIHHUX TMO3HIIfIX
¢doxazury — B micix SII (Benmuki nmopoxuanam) Ta SI' (comaniToBi koMmipku). BeranosneHo, mo meonit CsX Mae
ONM3BKi 10 ONTUMAJIBHOTO ISl TaHOTO MEPETBOPEHHS CIiBBiTHOMICHHS MiX KUTBKICTIO KHCIOTHHUX Ta OCHOBHHUX
uenrpis. LesifiBmicHuit neomnit 3a 350 °C nemoHcTpye 35-55 % konBepciro eranony ta 20-25 % cenekTUBHICTH 3a
1-0yTaHOJIOM, 110 € BUIIIUM 32 MMOKA3HUKH JIJIS UPKOHIEBUX 3Pa3KiB, ajie IS0 MOCTYNAEThCS MarHii-aIroMIiHIEBIM
KartanizatopaM. Onep:kaHi pe3yJbTaTh CBiI4aTh MPO NEPCIEKTUBHICTh BUKOPUCTAHHS LIEOMITiB OJM3bKOI IPUPOAN
y Tpotieci KoHIeHcallil eraHomy o 1-OytaHody.

Knrouosi crosa: xonaeHcailis eraHoiy, 1-0yTaHouI, KUCIOTHI [IGHTPH, OCHOBHI LIEHTPH, BUXia 1-0yTaHOIy,
CENIEKTUBHICTh MPOIIECY
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