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ABSTRACT

Catalysts based on natural zeolite — clinoptildb@ded with either SnO
(TOHCLI) or sulfated Sn@(STOHCLI) were prepared and tested in the
esterification of levulinic acid (LA) with octanok ethanol. The Sn content in
TOHCLI and STOHCLI varied from 4.5 to 12.3 wt.%.éeTbatalysts were
characterized by powder X-ray diffraction methathrming electron microscopy
coupled with energy dispersive X-ray spectrosctipgrmal analysis, X-ray
photoelectron spectroscopy; physisorption at —198C, Al and*°Si MAS

NMR solid state spectroscopy and FTIR spectros¢opsnalysis of acidic
centers. A high conversion rate of LA into octyBL(A) or ethyl levulinate (ELA)
was obtained for both TOHCLI and STOHCLI. TOHCLbsked a high activity
in the conversion of LA into OLA (55 %) and a moakeractivity in the
conversion to ELA (22 %). STOHCLI led to a totaheersion of LA to OLA and
ELA due to the presence of a high amount of Br@hatel Lewis acid sites in the
catalysts. The catalytic activity decreased to 8®PEOLA and to 66 % for ELA
after next five cycles. Lower catalytic activitytine repeated cycles during ELA

formation was explained by pore blockage due tedokmation.

Keywords: renewabldevulinic acid, sulfated SnQclinoptilolite, esterification,

biolubricant production



1. Introduction

Levulinic acid (LA) is very important platform cheérals due to ease of preparation
from biomass and its reactivity. LA has a greaeptal for production of valuable
chemicals for the food and chemical industrie]1Alkyl levulinates are of particular
interest due to their specific physicochemical prtips which make them applicable as
fuel additives, solvents, and plasticizers [3, 4].

Levulinate esters can be obtained by esterificadfdpA with primary alcohols
such as ethanol, butanol or octanol at room tentyneraHowever, very slow kinetics of
the esterification requires using of an acid catalgonventionally, strong mineral acids
(usually HSQOy) have been used for the purpose [5]. However, baaks associated
with environmental problems necessitate a replaoéwfehe acids by more suitable
catalysts, which would be less corrosive and rdesalrh as heterogeneous ones.
Accordingly, investigations of suitable heterogemeoatalysts for the esterification of
levulinic acid have attracted a great attention.

Due to their thermal stability, shape-selectivitylaadaptive acidity zeolites are
good candidates for catalysts for esterificatiohAf Fernandes et al. [6] studied
zeolites with different pore structure (HUSY, HBBAVMOR, HZSM-5, HMCM-22),
different sulfated oxides with super acidity (82¥0,, SO-Nb,Os, SQ-TiO,, SQi-

Sn(G) and Amberlyst-15 in the conversion of LA to ELAcorrelation between acidity
and catalytic activity was found for the super amtitles whereas for the studied
zeolites only geometry of the pore systems hadrafgiant role. Among the tested
catalysts, a remarkable yield of ELA was obtainéith the Amberlyst-15 and sulfated
SnG which was ascribed to the acidity of sulfate gmWgery recently, Popova et al.

[7] has also found that sulfated Sni® catalytically active in the conversion of LA to



ELA. The activity was attributed to the synergistation of Lewis and Brgnsted acid
sites. Moreover, sulfated zirconia supported onapesous KIL-2 was found to be
active in the conversion of LA into ELA and BLA [8]The activity was ascribed to the
presence of strong Brgnsted acid centers. Patll ] demonstrated the significance of
geometry of the pore system. In a series of bimodato-mesoporous HBEA a crucial
role of the mesopore system was reported in thearsion of LA into ELA.

Importance of the pore size in the conversion oftaBLA was also reported for

HBEA, HY, HZSM-5, HMOR [10, 11].

Heteropolyacids such as dodecatungestophosphadis@gported or incorporated
into different matrices [12, 13], commercial acididfonic poly(styrene-co-
divinylbenzene) resins (PS-DVB) [14], sulfonic mpsmus silicas [15], AI-MCM-41
were also tested in the esterification of LA to E[1&]. Selected literature data
obtained under experimental conditions similahiat used in this study are

summarized in Table 1.

Tablel

Until now most studies regarding catalytic convemsof LA to levulinate esters
have been focused to ELA and BLA [6, 8, 17]. Datathe conversion of LA to OLA
have been rather scarce [18, 19] although OLA k& Ibecognized as an important
biolubricant. Its specific properties such as atlgsh point, high lubricity, very low
volatility, high viscosity index and its biodegrduléy recommend OLA as a suitable

replacement for synthetic and mineral-oil basedibants.



To the best of our knowledge, natural zeolite ragitilolite has not been studied in
the preparation of catalysts for the esterificabbiLA. The aim of the present study
was to prepare a catalyst based on the low cositiiolite and Sn@or on the sulfated
SnQ-containing clinoptilolite and to test them in tbterification of LA with octyl

(Oct) and ethyl (Et) alcohol.

2. Experimental
2.1 Materials

Zeolitic tuff (CLI) from Serbia (Slanci deposit, Beade) was used as the
clinoptilolite source. Semi-quantitative X-ray posvdliffraction analysis (using the
Rietveld refinement and the Topa&cademic v.4 software [20] gave for CLI (wt. %):
clinoptilolite - 80, feldspars -16 and quartz -Tée cation exchange capacity (CEC)
measured by a standard procedure using the ioraegehwith ammonium acetate was
determined to be 160 meq/100 g.

Prior to the experiments, CLI was sieved and wastigddeionized water, and
dried overnight at 105 °C until a constant masstié®@a size in the range of 0.063-0.125

mm was chosen for the experiments. All used chdmigare of analytical grade.

2.2 Preparation of catalysts
A procedure includes the following steps: a) cosmar of CLI to an acid form
(HCLI); b) preparation of the Sn<zontaining CLI (TOHCLI); c) sulfation of TOHCLI

(STOHCLI).



a. Conversion of CLI to HCLI

A triple treatment of CLI with 1 mol dmHCI at 100 °C for 4 h using a solid/liquid
mass ratio of 1:70 was followed by a treatment Withmol dm*NH,OH at 65 °C for
0.5 h (solid/liquid ratio=1:30). The obtained HGk&s separated and dried at 80 °C

until a constant mass.

b. Preparation of ShO,-containing CLI (TOHCLI)

Samples of TOHCLI with approx. 5-12 wt.% of Sn wprepared following a
slightly modified method described by Matatsush§2hj and Sowmiya [22]. HCLI
was suspended in deionized water using a soliddioguass ratio 1:100 and stirred for
about 10 min. The pH of the suspension was adjuet&6 by dropwise addition of a 25
wt. % NH,OH. Then, an ethanolic solution of SAAH,0 (Co=2 g dm*) was added
dropwise under stirring. The pH was kept constéhé added volumes &, were
varied from 100 to 250 chin order to obtain TOHCLI with different amounts3n.
The suspensions were separated by centrifugatien24 h of stirring, washed with 4
wt.% CH;COONH, and then with deionized water until chloride fré@HCLI samples
were dried overnight at 120 °C and then calcineDét°C for 2 h. The samples were
denoted as TOHCLI5, TOHCLI9 and TOHCLI12 where nenstrefer to different Sn

contents: TOHCLI5 - 4.5 wt.%, TOHCLI9 - 9.2 and TOH12 - 12.3.

c. Preparation of sulfated TOHCLI (STOHCLI)
TOHCLI5, TOHCLI9 or TOHCLI12 were suspended in 3lrdoi> (NH4),S0; to
obtain a solid/liquid mass ratio of 1:50 and stre¢ room temperature for 24 h. Then,

the solids were separated by centrifugation, wastheed overnight at 120 °C to a



constant mass, and calcined for 2 h at 400 °C.obit&ned products were denoted as

STOHCLI5, STOHCLI9 and STOHCLI12 where the numbefsr the content of Sn.

2.3 Characterization
X-ray diffraction analysis

Powder X-ray diffraction (PXRD) patterns of the sd@s were recorded using an
APD2000 Ital Structure diffractometer with Culadiation £ = 0.15418 nm). Scans

were performed in thexange 5-50° with a step of 0.0per 1 s.

Energy dispersive X-ray spectroscopy (EDS)
Elemental analyses were performed using a CarsZigpra™ 3VP field-emission
gun scanning electron microscope (FEG-SEM) equippddEDS detector (Oxford

Analysis) with INCA Energy system for quantificatiof elements.

Thermal analysis

A simultaneoushermogravimetry (TGAand differentiathermal analysis (DTA)
was performed in order tbtain a deeper insight into thermal events ducimgversion
of the Sn-loaded HCLI to TOHCLI. The analysis wasfprmed using a SDT Q-600
instrument (TA Instruments].he samples were heated in opened alumina cupslY90
from the room temperature to 700 °C at a heatitgyoa10 °C min® under synthetic air

(100 ml minY).



X-ray photoel ectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) analysse carried out on a PHI-
TFA XPS spectrometer produced by Physical Electsoinic. Powders were on carbon
adhesion tape used for SEM microscopy and intratiuceltra-HV spectrometer. The
vacuum during the XPS analyses was in the rand@-€® mbar. The analyzed area was
0.4 mm in diameter and the analyzed depth was éd&uhm. Sample surfaces were
excited by X-ray radiation from monochromatic Ausce at photon energy of 1486.6
eV. The survey wide-energy spectra were taken anemnergy range of 0-1200 eV
with pass energy of analyzer of 187 eV in ordademtify and quantify present
elements on the surface. The high-energy resolsfi@ctra were acquired with energy
analyzer operating at resolution of about 0.6 e pass energy of 29 eV. During data
processing the spectra were aligned by settingthe peak at 284.8 eV, characteristic
for C-C/C-H bonds. The accuracy of binding energras about 0.3 eV.
Quantification of the surface composition was perfed from XPS peak intensities
taking into account the relative sensitivity fastprovided by instrument manufacturer
[23]. XPS spectra were analyzed by a MultiPak safewHigh resolution spectra were
fitted with Gauss-Lorentz functions and Shirleydtian was used for background
removal. In order to analyse the in-depth distrdoubf elements in the sub-surface
region up to 25 nm deep, the XPS depth profiling warformed in combination with
ion sputtering. The Ar ions of energy 4 keV weredisThe velocity of the ion
sputtering was estimated to be 1.0 nm thaalibrated on the Ni/Cr multilayer structure

of the known thickness.



Solid-state NMR spectroscopy

Solid-state NMR experiments were carried out o0@MHz Varian NMR system
equipped with a 3.2 mm Varian HX CPMAS probe. Larfitequencies fof’Al and
29Sj nuclei were 156.20 MHz and 119.09 MHz, respetyiviFor?’Al magic-angle
spinning (MAS) measurements excitation pulse ofyk8vas used, number of scans
was 3000 and repetition delay between scans waSdnsple rotation frequency was 16
kHz. For?®Si MAS measurements excitation pulse was 2.8 jpstition delay was 60

s, and number of repetitions was 2400.

Textural properties

Porosity characteristics were determined byabisorption at —196 °C using a
Micromeritics Instrument (ASAP 2020). Prior to tmeasurements, the samples were
degassed for 4 h at 200 °C under high vacuum. peeific surface area of sample
(Sset) was calculated according to the Brunauer, Emnietter (BET) method up to
relative pressurgdpo = 0.15. The total pore volum¥) was given ap/py = 0.99.
Pore size distribution was analyzed according ¢oBarrett, Joyner and Halenda

method (BJH) from the adsorption isotherms.

Acidity measurements
Surface acidity was examined by FTIR using a Nicigact Type 400
spectrometer, applying a self-supported wafer teglenusing pyridine (Py) as the
probe molecule. Concentration of surface acid su@&s determined from FTIR spectra.
FTIR spectra were recorded at room temperatunagiey 32 scans at a resolution

of 2 cm™’. Spectra were normalized to a wafer thicknessmfym?. Before the Py



adsorption the samples were evacuated in a highua¢HV, < 10° mbar) for 1 h at
400°C, then treated with Py at 50 mbar and degasgdd for 0.5 h at 100 °C, 200 °C,

300 °C and 400 °C. After evacuation spectra werercked at room temperature.

2.4 Catalytic experiments

Conversion of LA into OLA and ELA was carried onta batch reactor with
magnetic stirrer under reflux. Prior to the catalyest, the catalysts were pre-treadgd
situin oven forat 1 h at 200 °C, at static conditions. The reactvas performed under
conditions which were similar to those previousiyrid to be the optimal ones [8]. In a
typical experiment, the reactor was charged wigh LA, 7 ml ethanol or octanol and
0.2 g powder catalyst while the LA/ethanol (octanedight ratio was maintained 1:7.
The reactor was placed in an oil bath, heated ustiteing with 200 rpm at the reaction
temperature of 100 °C for 5 h. The thermocouple passtioned in the reaction mixture
for accurate measurement of the reaction tempera®amples were taken at chosen
time intervals and analyzed using HP-GC with a #aonization detector equipped
with a WCOT FUSED SILICA 25m x 0.25mm COATING CPLSI3CB column.
Analyses were carried out using nitrogen as aeragas and manual injection (the
sample volume injected wasul). The following temperature profile was used:woh
temperature set from 100 to 200 °C (20 °CMjrthe injector and detector temperature
was 250 and 300 °C, respectively. The LA conversate@ was determined using the
LA/OLA or LA/ELA area ratio. At the end of the re&m, the reactor was cooled to
room temperature and the catalyst was recoveregiyifugation. The mass balance

was made on the basis of carbon-containing products

10



2.5 Catalyst reusability

Reusability was tested for STOHCLI9 in six reactaycles (one with the fresh
catalyst and five repeated cycles with the reusealyst). After completion of the
reaction in each cycle, the catalyst was sepatatexdntrifugation, washed with

acetone, dried at 60 °C for 5 h and calcined at @aa air for 3 h.

3. Resultsand discussion
3.1 Characterization of the catalysts

PXRD patterns (given in Supplementary materialeysthat crystallinity of the
clinoptilolite remains intact after the conversminCLI to HCLI. Further modification
of HCLI into TOHCLI causes a slight loss of the stallinity which remains unaffected
by conversion of TOHCLI into STOHCLI.

Average chemical compositions of the clinoptilofitease of all the studied
samples obtained by EDS are shown in Table 2. Gsioreof CLI to HCLI causes a
partial dealumination of the clinoptilolite latti@enich is evident by the Si/Al molar
ratio which is higher in the modified samples tiathe parent CLI. Also, the content
of Na decreased significantly and K, Ca and Mg wertedetected after the conversion
to HCLI. These confirm the fact that CLI is mostignverted into HCLI. Sulfation of
TOHCLI causes a partial leaching of Sn. The leagleixtent varies from 43%
(STOHCLI5), 13% (STOHCLI9) and 25% (STOHCLI12). Timelar ratio of S/Sn
(Table 2) indicates that a partial sulfation of TOH was achieved and the S/Sn molar
ratio decreases with the increase of Sn contestmilar phenomenon was reported for
the sulfated Zr@containing KIL-2 [8]. The lowest S/Zr molar ra{i@.4) was found for

the highest amount of the loaded Zr. Lower sulfaggtent in the STOHCLI samples
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with a higher Sn content could be ascribed to a poocessibility of Sn within the

clinoptilolite structure.

Table?2

Conversion of the Sn-loaded HCLI to TOHCLI was s&ddy thermal analysis
(Fig. 1a and b). Itis evident that the total wilpss increases with the Sn increase
from 10.9 (TOHCLI5) to 12.2 wt.% (TOHCLI12). DTG ues display three maxima at
about 60, 320 and 500 °C which can be assigndtetiotlowing events: 1) loss of
physically adsorbed water (6.5 wt.%) at temperatbow 100°C, 2) dehydroxylation
which occurs in the temperature range 200—400 i@ 3 formation of the Sn oxide
species at 500 °C. The last event is assumed dvaslie of our previous studies where
we found that the DTG maximum at about 500 °C otflerystallization of different
oxide species in the clinoptilolite matrix [24]. fReation of the Sn oxide species was
confirmed by further analyseg e infra).

DTG and TG curves of the TOHCLI samples after $gfa(Fig. 1c and d) display
two resolved DTG maxima in temperature range 200=@which can be due to the
presence of coordinated water molecules strongin@ao sulfate groups. The
maximum in the 400-60%C temperature range can be ascribed to the decdtinposf
sulfate to SOx species [25, 26]. The correspondieght loss increased with the
increase of the Sn content and was 2.9 wt.% fort®T105 and 3.5 wt.% for

STOHCLI12.

Fig. 1
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XPS analyses confirm the presence of @n@heSTOHCLI samples. The analysis
for STOHCLI5 and STOHCLI9 is presented in Fig. BeTSn 3d spectra (Fig. 2) reveal
two peaks located at 487.4 and 495.8 eV for STOBCahd 487.5 and 496.0 eV for
STOHCLI9 which can be assigned to Sg;8dnd Sn 3g),, respectively. The spectra are
in accordance with the literature [27, 28], confimgnthe presence of the Sp€pecies
in dealuminated zeolites. The XPS depth profilesSSBOHCLI5 show a small
accumulation of Sn at the surface and a decrea$®e &n concentration from top to
bottom. More pronounced Sn surface accumulati@vident in the sample with a
higher Sn content (STOHCLI9). The presence of Smethe samples was unexpected
and it indicates that the Sn species are not presénat the surface of the zeolite but
also inside the lattice. A similar phenomenon vegsorted for the Sn(IV)-modified
zeolite Beta [29, 30]. A two-step modification whimcluded dealumination and
impregnation of the zeolite with SnQireated holes in the zeolite lattice. It was
assumed that inside these holes the Sn(IV) spémi@scovalent Si—-O-Sn bonds with
the zeolite lattice.

Fig. 2

According to the NMR resultvide infra) a similar phenomenon could be

suggested during the formation of TOHCLI.

Fig. 3

2’Al MAS NMR spectra of the representative sample§I(H TOHCLI9 and

STOHCLI9) are shown in Fig. 3a. As can be seemrgethroad peaks at around 55, 30

13



and 0 ppm are evident in all the spectra. The p&&b ppm is characteristic for Al
atoms located in tetrahedral positions of the re@lamework (AlQ structural units).
The peak at 0 ppm corresponds to octahedrally coatet extra-framework Al species
(AlOg structural units), which were formed by dealumimrabf the clinoptilolite
framework during conversion of CLI into HCLI [31432&lso, the peak at around 30
ppm can be ascribed to the extra-framework fiverdioated Al. In the spectrum of
TOHCLI9 an additional peak appears. It can be edléd the hexa-coordinated
aluminum species surrounded by SiO species [31 A3Kihis suggests that such extra-
framework Al-O-Si species exist in the TOHCLI9 aatribute to Lewis acidity. The
295 MAS NMR spectra are almost identical for all gmad samples (Fig. 3b)
exhibiting peaks associated with different Si eominents?°Si NMR spectra fitted

with three contributions show resonances at akidifi,--101 and -92 ppm. The peaks at
-101 ppm and -92 ppm can be assigned to the Sisattoah have H atoms in their
vicinity (Q® and J sites, (OS)Si(OH) and (OSpSi(OH), respectively), whereas the

peak at -110 ppm belongs t8 &nd represents the species Si(QSi)

Textural properties were studied by thgaddsorption/desorption isotherms.
Representative results are given in Fig. 4, antlitakparameters determined from the
isotherms are given in Table 3. Based on the IURKSsification, all samples exhibit
adsorption isotherms of the type IV [35] that afgi¢al for zeolitic materials containing
both micropores due to structural features of tamméwork, and mesopores introduced
by different modification processes including deailnation. As can be seen from Table
3, an increase of the specific surface area wehrtbrease of the Sn amount in
TOHCLI samples is evident especially for the higl#&s amount. This can be explained

by an influence of the modification procedure wheetused agglomeration of the
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zeolite particles, thereby significantly increasthg S value, predominantly for
TOHCLI12. Moreover, a small decrease in the spesitiirface area of the STOHCLI
samples in comparison to TOHCLI is evident. This ba assigned to a partial pore
blockage caused by sulfate groups. The decreabe apecific surface area varies from

3% for STOHCLI5 to about 20% for STOHCLIO.

Fig. 4

Table3

The nature of the acidic species in the catalysts determined by FTIR spectra of
adsorbed Py. The spectra of nonsulfated (TOHCLIB @a®HCLI9) and sulfated
catalyst (STOHCLI5 and STOHCLI9) are given in Fag.The Lewis acid sites can be
associated with the ring vibrations of coordinaijvieound Py at 1615 and 1452 ©m
(LPy), while Brgnsted acid sites (BPy) exhibit barad 1638 and 1550 ¢hi36]. The
spectra of nonsulfated samples contain bands deaisdic for both Lewis and Brgnsted
acid sites. The amount of Lewis acid sites of nated catalysts is much higher than
Brgnsted acid sites (Table 4), originating fromrcrmatively unsaturated Sn ions on the
clinoptilolite [8, 37]. Higher amount of Sn in HCIéd to an increase of the amount of
Lewis acid sites, whereas Brgnsted acid sites alidncrease significantly.

Both Lewis and Brgnsted acid sites are presenthan dulfated samples. In
comparison to nonsulfated samples, the amountewid and Brgnsted acid sites are
significantly higher for sulfated samples, suggestihat sulfate species act as Lewis

acid sites and also increase Brgnsted acid strerighie hydroxyl groups on the surface

15



of tin oxide particles. Similar effect was obsenfedsulfated ZrQ/KIL-2 and sulfated

nano-SnQ|[7,8].

Fig. 5

Table4

3.2 Catalytic activity

Fig. 6 shows the esterification of LA into OLAtine presence of TOHCLI and
STOHCLI. The studied samples are catalyticallywacin the esterification reaction in
contrast to non-modified HCLI which showed very loatalytic activity (less than 10
%) after 5 h with both Oct and Et (not shown).

For all the TOHCLI samples the conversion afteris &dbout 55% indicating that in
the studied range Sn concentration does not affeatatalytic activity. This can be
explained by the fact that modification by morertias wt.% Sn leads to the Sn
deposition inside the pores or on the zeolite wahisere the Sn species are not
accessible for the reactant molecules. AccordingeoXPS data deposition of the Sn
species occurs not only at the surface but alsddrtke clinoptilolite lattice. Relatively
high catalytic activity of the TOHCLI could be a#@d to the presence of relatively
high amounts of Lewis acid sites. However, althotlghamounts of Lewis acid sites
increased by increasing the Sn content (Tableelydimversion rate did not increase
indicating that all acid sites are not availabletfe esterification.

Total conversion of LA into OLA in the presenceboth STOHCLI samples

indicates similar acidity of the samples whichnisaccord with the FTIR spectroscopic

16



measurements. Similar amounts of Brgnsted and Laeidssites are evident for
STOHCLI5 and STOHCLI9.

Moreover, significant higher amounts of both adtdssfor STOHCLI in
comparison to TOHCLI can be responsible for higtwtversion obtained for
STOHCLI (100%) than for TOHCLI (55%). As a compansthe sulfated ZréKIL-2
showed a significantly higher conversion of LA ifibA and BLA compared to the

non-sulfated samples which was attributed to higloedity of the sulfated catalyst [8].

Fig. 6

Fig. 7 shows the esterification of LA into ELA ing presence of TOHCLI and
STOHCLI. Activity of TOHCLI in the conversion LA t&LA is significantly lower
than in the conversion to OLA. Also evident is thi#uence of the Sn content on the
catalytic activity as the conversion increasesnayaasing of the Sn content. This could
be ascribed to the fact that catalytic active adiels become more accessible to smaller
ethanol molecules. The conversion to ELA is sigaifitly higher for STOHCLI
samples which is due to the presence of both Bedrestd Lewis acid sites. These
results confirm suggestion that the presence ¢dtsugroups significantly influences

the conversion of LA into ELA [7,8].

Fig. 7

3.2 Reusability of the catalysts

17



Reuse of the catalysts was tested for STOHCLIghéresterification with Oct, the
catalytic activity decreased from 100% (fresh getidlto 86% after next five cycles.
The decrease can be assigned to a partial leaochsgdfate groups as reflected in the
decrease of the S/Sn molar ratio (from 0.4 to Ol'aple 2). There was no further sulfate
leaching after the second cycle, suggesting thitdu desulfation is most probably
prevented by structural features of the partiaigldminated clinoptilolite lattice.
Crystallinity of the spent STOHCLI9 was checked3D confirming that the catalyst
remained crystallographically unchanged (diffracémg is given in Supplementary
materials).

The conversion of LA to ELA on STOHCLI9 decreasemf 94% (fresh catalyst)
to 68% after the first cycle and is stabilized @¥6in the next five cycles (Fig. 8). The
catalytic activity in the LA conversion to ELA iswer than to OLA and the conversion
rate decreases after the second cycle to 66 %eins likely that the esterification with
Et occurs not only on the external surface of galgst but also in the pores because of
the appropriate sizes of the LA and Et moleculeglwban penetrate in the pores.
However, the formation of intermediate products Bhd is blocked in the pores and
their diffusion out is hindered which most probat#gults in coke formation and
decreasing of catalytic activity. Thus, the cokerfation most probably decreases
catalytic activity.

Esterification of LA with Oct proceeds in a diffatananner. The longer chain of
the Oct molecules cannot penetrate the pores @ayrtitess occurs only on the external
surface of the catalyst. In this case the proce&sster and the coke formation is

significantly lower. According to thermal analy$ret shown) of the spent catalysts the

18



residue after the OLA production is significanthyer (14 wt.%) than after ELA (26

Wt.%).

Fig. 8
The obtained results show that natural zeoliténogiilolite as cheap and available
material can be used in the preparation of catalgstthe LA esterification.
Clinoptilolite matrix prevents the agglomerationsoifated Sn@species offering a
higher dispersion which provides better accesgjtiitir the reactants. Furthermore, in
contrast to moderate catalytically sulfated oxidbsch reusability is limited [6, 8],
SnQG andsulfated Sn@supported on the clinoptilolite can be used aso#iffe and

reusable catalysts for the esterification of LAhéthanol and octanol.

4. Conclusions

The catalysts based on the low cost natural zeotii@optilolite and Sn@or
sulfated Sn@showed high catalytic activities in the esterificatof LA into
levulinates. Catalytic activity of non sulfated gaes in the OLA production was not
significantly affected by the Sn content, exhilgtratalytic activity around 55 %. The
lack of influence of the Sn content was ascribeth#&hindered access of long chain of
Oct molecules to the acid sites in the pores dflgsis. A total conversion of LA to
OLA was obtained for all sulfated Sp@ontaining clinoptilolite samples due to the
presence of a high amount of Brgnsted and Lewssitds. The stable catalytic activity
found in five repeated reaction cycles suggeststhigainitial leaching of sulfate groups

from the catalyst was preserved due structuratifeatof the clinoptilolite lattice. The
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prepared catalysts show higher catalytic activityhie esterification of LA to OLA than

to ELA which is due to a higher coke formation e fatter process.
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Tablel
Esterification of levulinic acid with ethanol (reéam conditions: T=70 °C, t=5 h, Et/LA

ratio=5:1, 0.05 g of catalyst (2.5 wt.%)).

Catalyst LA conversion, % Reusability Ref.
Amberlyst 54 Stable during 4 cycles [6]
SO 1Zr0, 9 n.r. [6]
. . 0

SO27SN0, 44 Decrease in conversion to 14 % after [6]

second run
SOATTIO, 39 n.r. [6]
SO2INb,Os 14 n.r. [6]

. 0 .

SOP1ZrKIL-2 51 LA conversion of 47 % after 3 reaction (8]

cycles

\ - o

Nano-SQ?7/Sn0, 77 Decrea_se of catalytic activity by 25%, in 7]

3 reaction cycles
HUSY 8 n.r. [6]
HBEA 5 n.r. [6]
HMor 3 n.r. [6]
HZSM-5 5 n.r. [6]

"not reported
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Table?2

Average chemical compositions of the clinoptilofifease of the catalysts obtained by

EDS analysis.
Si Al o) Na K Ca Mg Sn S Si/Al S/Sn
Sample
at.%

CLI 229 47 69.8 0.2 0.5 1.2 0.7 004 - 49 -
HCLI 378 5.4 69.5 0.04 - - - - - 70 -
TOHCLI5 315 4.4 63.2 0.1 - - - 0.7 - 72 -
STOHCLI5 235 3.2 726 0.1 - - - 0.4 03 73 08
TOHCLI9 219 28 746 - - - - 1.6 - 78 -
STOHCLI9 202 28 751 - - - » 1.4 05 7.2 04
TOHCLI12 204 27 744 0.1 - - - 2.4 - 76 -
STOHCLI12 189 25 767 - 3 - - 1.8 07 7.6 04
RSTOHCLI9 223 3.0 729 - - - - 1.3 03 74 02
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Table3

Textural properties of samples.

Sample Sert P gt Suomigt S E Mgt Vol enfgt Ve gt d, A

HCLI 31.6 7.1 24.5 0.0023 0.1204 296
TOHCLI5 39.7 11.1 27.3 0.0048 0.1307 170
STOHCLI5 384 9.7 30.0 0.0044 0.0738 224
TOHCLI9 41.6 17.3 24.3 0.0073 0.0760 230
STOHCLI9 33.2 15.5 17.7 0.0095 0.1208 315
TOHCLI12 79.8 14.9 64.9 0.0069 0.0929 150
STOHCLI12 67.9 12.5 52.3 0.0086 0.0880 146

#specific surface area based on BET theory detedvimthe p/g range corresponding to the increasing
trend of Rouquerol ploPmicropore surface area basedtquiot analysis® external surface are&er—

Swic; ¢ micropore volume based ¢splot analysis®total pore volume based on BJH adsorption analysis;

average pore size based on BJH desorption analysis.
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Table4

Acidity of the representative samples based o-fH& spectra of adsorbed pyridine.

Sample Bransted sitgsmol g™ Lewis acid sitesymol g*
TOHCLIS 0 55.5
STOHCLI5 117.4 240.0
TOHCLI9 3.8 164.5
STOHCLI9 143.7 236.4

acidity calculated with integrated molar extinctiomefficients determined by Emeis et[88]: 2.22 cm

umol™ for 1450cm* band and 1.67 cpmol™ for 1550 cm' band.

27



Figure Captions
Fig. 1. TG (left) and DTG (right) curves of non-sulfated lfd and sulfated samples (c,
d).
Fig. 2. XPS spectra (left) and Sn concentration profilght) of STOHCLI5 and
STOHCLI9 and XPS depth profile.
Fig. 3. ) ?’Al and b)?®Si MAS NMR spectra of selected catalysts.
Fig. 4. Adsorption/desorption isotherms of nitrogen at —1G@6n: a)TOHCLI5, b)
STOHCLI5, ¢) TOHCLI9, d) STOHCLI9, e) TOHCLI12,  TOHCLI12.
Fig. 5. FTIR spectra of adsorbed pyridine: a) TOHCLI5/STQHb and b)
TOHCLI9/STOHCLI9. Lewis- and Brgnsted acid sites ararked by LPy and BPy,
respectively. Spectra were collected after Py gagor at 100, 200, 300 and 400 °C,
shown from top to bottom for each sample.
Fig. 6. LA conversion in the esterification with octan®=100 °C, LA:Oct=1:7).
Fig. 7. LA conversion in the esterification with ethan®100 °C, LA:Et=1:7).
Fig. 8. Reusability of the catalyst STOHCLI9 in LA esterdtion with a) octanol and b)
ethanol at the reaction temperature of 100 °C, Lo¥fx ratio=1:7 and reaction time of

5 hin 6 consecutive reaction cycles.
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Fig. 1. PXRD pattern of a) CLI, HCLI and non-sulfated andblfated catalysts.

Diffractions from the clinoptilolite phase are madkby asterix[().
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«  SnO,-containing clinoptilolite is catalytically active in levulinate production

. Tota esterification of renewable levulinic acid to octyl levulinate at 100 °C

« Clinoptilolite-based catalysts remain active during 6 esterification cycles



