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Abstract

Gold based catalysts over different supports werestigated in the oxidative esterification of
furfural by employing an efficient and sustainaptecess. The catalytic performances follow the
trend: Zirconia-Au > Ceria-Au > > Titania-Au. Zinasa came out to be the best support option to
promote activity, selectivity and also stabilitth& chemical and morphological properties observed
for zirconia supported sample seem to fulfil a goothpromise between high gold dispersion and
the presence of suitable acid-base propertiegidod selectivity. Moreover, stability and recycling
of the catalysts were also investigated.
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1. Introduction
With diminishing fossil resources, developing nestinologies to utilize versatile and renewable
biomass as the alternative feedstock of energychanhical sources has been attracting more
attention than ever. In particular, the upgradihtigmocellulosic biomass wastes into fuels and
higher added-value chemicals is one the most relsedrtopics in the forthcoming concept of
biorefinery [1].
The sustainability of bio refineries derives frameitr ability of exploiting every product. Furfural

(2-FA), a C5 compound, is industrially manufactufeda long time through hydrolysis of pentose



which comes from agricultural raw materials inchglcorncobs, oat, wheat bran, sawdust, etc.
These materials are annually renewable and not ettie with human beings. Thus, exploring
the by-products from furfural as the replacemefhfessil resources is greatly attractive. In fact,
utilization of furfural as the starting materialutd synthesize a variety of chemicals including enor
than 1600 commercial products [2].

Actually furfural has many different uses: it imsadered an excellent solvent for many organic
materials, and it can also be used as a feedstatlake gasoline, diesel, or jet fuel [3]. It iscats
precursor to other desired compounds such as flidicohol (via hydrogenation), furan (via
decarbonylation) and tetrahydrofuran (via hydrogenaof furan). Likewise, it can serve as the
starting material for the production of 5-hydroxytmgdfurfural (by way of hydroxymethylation

with formaldehyde). However, additional transforioas of furfural are highly desired. The
synthesis of alkyl furoates can open very intengstierspectives for the use of xyloses because
they find applications as flavour and fragrance ponent in the fine chemical industry.

Up to now, only a few studies have investigatedndéterogeneous catalysis in oxidation of 2-FA
[4, 5]. Traditionally, the ester is prepared bydzing furfural with potassium permanganate,
preferably using acetone as solvent, and readtieduroic acid so formed with methyl or ethyl
alcohol, in the presence of sulphuric acid. Theafdbese substances have a substantial negative
impact on the environment. It has been shown [df filwrfural can be converted to methyl furoate
under mild conditions by an oxidative esterificatiwith NaCHO and CHOH on the Au/TiQ
reference catalyst purchased from the World Goldr€d (WGC) [6]. Very recently we have
observed [7] good catalytic performances duringréstation of furfural over a gold-supported
sulphated zirconia support, especially when contpatith the Au/TiQ reference catalyst.
Afterwards we have investigated a series of AukZt@alysts calcined at different temperature
(from 150°C up to 650°C) in order to modulate thze ®f the gold nanoparticles, demonstrating
that in this reaction, the catalytic activity isisly connected to the metal dispersion. In paitc,

the presence of highly dispersed gold clusterstald activate atomic oxygen is required for good
catalytic performances. Moreover, the stabilitylefse new catalysts has been also studied [8]. We
demonstrated that the catalytic activity can be getely recovered when the organic residue of the
exhausted sample is removed from both gold andmigcsites [8]. Such results suggested that the
support also plays a role in the furfural esteaificn reaction.

Therefore, we decided to investigate different axglipports that are commonly used in catalysis.
In particular, we examined plain titania (B)Qceria (Ce®), and zirconia (Zr@). TiO, is widely

used for a variety of applications because ofigb Iphotocatalytic activity, non-toxicity, good

availability, low cost, and stability. Its main ¢hateristics strongly depend on its physico-chemica



properties, such as surface area, crystal strutimagase, rutile, brookite), crystallite size, and
surface hydroxyl groups [9]. Ceria is characteribgd high oxygen storage capacity and
reducibility [10]: we can take advantage of theswmpprties in furfural esterification reaction, in
which atomic oxygen produced on gold species playdamental role. Finally, the choice of
zirconia as a support is due to its intrinsic chehand physical characteristics that can be agtjust
by choosing different precursors and synthesis itiond [11].

The aim of the present work is to verify the roléh® nature of the support in the base free
oxidative esterification of furfural catalysed bgid-based systems. In particular, the goal is to
investigate the above tested catalysts by emplayiegnain characterisation techniques typically

used in surface science approach.

2. Materialsand Methods
2.1. Catalyst preparation
Zr(OH), was prepared by precipitation from Zr@8H,0 at constant pH= 8.6 and then aged for 20
hours at 90 °C [12].Then zirconium hydroxide waksioad in air (30 mL/min STP) at 650 °C for 3
hours.

Ceria support was synthesized by precipitatiomf(bliH,;).Ce(NGs)s by urea at 100 °C in
aqueous solution [13, 14]. The solution was mixed laoiled for 6 h at 100 °C, the precipitate was
washed twice in boiling deionized water and driedl3® °C overnight. The material was then
calcined in flowing air (50 mL/min) at 650 °C forh®urs.

Titanium hydroxide was precipitated at pH=8.0 frOrd M titanyl sulphate aqueous solution [9].
In particular, 40 g of TIOSExH,SO, yH,O (Aldrich) were dissolved in 300 mL of distilledater
at room temperature under vigorous stirring. TH®H), precipitation was obtained by the drop
wise addition of 9 M ammonia solution under vigaatirring. The suspension was magnetically
stirred at 60 °C for 20 hours. Then the precipitas filtered, washed with distilled water in order
to remove S ions and dried at 110 °C for 18 hours. The absehselphates in the material was
verified by IEC analysis. Finally the hydroxide waadcined in air flow at 300 °C for 4 hours.

In all cases, gold was added by deposition-preatipit (DP) method at pH=8.6. The oxide
supports were suspended in an aqueous solutioMo€H+3H,0 for 3 hours and the pH was
controlled by the addition of NaOH (0,5 M). Afteltfation the samples were dried at 35 °C
overnight and finally calcined in air for 1 hour380 °C. Samples where denoted as Z-Au, C-Au
and T-Au.

Oxidative treatments of the exhausted catalyste warried out with a temperature rate of 2
°C/min from 25 °C to 300 °C in a 5%®le flow (40 mL/min).



2.2. Catalyst characterization method
The sulphate content was determined by ion chrognapdy (IC). Sulphate concentration was
calculated as the average of two independent aeglgach including two chromatographic
determinations.

The gold amount for both fresh and exhausted ysttalvas determined by atomic
absorption spectroscopy (AAS) after microwave diggtion of the samples (100 mg) using a
Perkin-Elmer Analyst 100.

Surface areas and pore size distributions wereraatdrom N adsorption/desorption isotherms
at -196 °C (using a Micromeritics ASAP 2000 anatysBurface area was calculated from the N
adsorption isotherm by the BET equation, and pae distribution was determined by the BJH
method [15]. Total pore volume was taken at p/fg9.

High resolution transmission microscopy (HRTEM) lgss was performed on all catalysts
using a side entry Jeol JEM 3010 (300 kV) microsceguipped with a LaB6 filament and fitted
with X-ray EDS analysis by a Link ISIS 200 detectéor analyses, the powdered samples were
deposited on a copper grid, coated with a porotsocefilm. All digital micrographs were acquired
by an Ultrascan 1000 camera and the images wecegsed by Gatan digital micrograph. A
statistically representative number of particles waunted in order to obtain the particle size
distribution.

CO pulse chemisorption measurements were perfoaned 6 °C in a lab-made equipment.
Before the analysis, the following pretreatment apglied: the sample (200 mg) was reduced in a
H> flow (40 mL/min) at 150 °C for 60 min, cooled i b room temperature, purged in He flow,
and finally hydrated at room temperature. The hydnareatment was performed by contacting the
sample with a He flow (10 mL/min) saturated withraper amount of water. The sample was then
cooled in He flow to the temperature chosen fordb@misorption (-116 °C) [16].

FTIR spectra were obtained on a BRUKER IFS28 spphtitometer (resolution: 2 cm-1, MCT
detector). All materials were inspected in the fafself-supporting pellets (about 10 mg 9mAll
samples were activated in a controlled atmosphe36GfC for ~ 1 hour in a controlled atmosphere
(O,, ~ 60 Torr;) in quartz cells that were connected gas vacuum line and equipped with
mechanical and turbo molecular pumps (residualspresp<10 Torr). BT (IR beam temperature,
~50 °C) CQ adsorption (~20 Torgnd desorption (up to 30 min of direct pumpinginffacuo)
measurements were carried out in a strictly in @mofiguration that allowed background

subtraction and spectra rationings.



TPO measurements were carried out in a lab-madpreguat: samples (100 mg) were heated
with a temperature rate of 10 °C/min from 25 °@@® °C in a 5%@He flow (40 mL/min). The

effluent gases were analyzed by a TCD detectobgiralGenesys 422 quadrupole mass analyzer

(QMS).

2.3. Catalytic activity measurements
2-FA oxidative esterification with oxygen and metbbwas investigated at 120 °C, without
NaCHs;O addition, using a mechanical stirred autoclaitediwith an external jacket [8]. Catalyst
(100 mg), 2-FA (Sigma Aldrich, »99%; 3QQ) and n-octane (Sigma Aldrich, »99%; 1f0), used
as internal standard, were added to the solve® ifil5 of methanol). The reactor was charged with
oxygen (6 bar) and stirred at 1000 rpm. The pragoéshe reaction was determined after 90 min by
gas-chromatographic analysis of the converted mextcapillary column HP-5, FID detector).

3 Results and Discussion

3.1. Texture, morphology, and structure of the catalysts

N, physisorption analyses were carried out in ordeletermine surface areas and pore size
distributions of both supports and catalysts. Nmidicant differences between the physisorption
analyses of the bare supports and those of thesgmynding gold based samples have been
evidenced. The isotherms for the catalysts are showigure 1, while the corresponding data are
reported in Table 1.

The C-Au and T-Au samples exhibited isotherms \uithteresis loops typical of mesoporous
materials with unimodal pore size distribution. Husorption for Z-Au sample shifted towards
higher values, indicating the presence of largeepdCeria and titania based catalysts exhibited
surface area values of 105/mand 166 ifig respectively, while zirconia exhibited the lowes
surface area 40 nf/g).

CO pulse chemisorption measurements were perfonrmeder to obtain information on the
amount of highly uncoordinated Au sites exposdti@turface of the different samples. This way,
it is possible to evidence the highly dispersedsAes escaping from HRTEM detection. We have
previously developed a procedure based on the cmdhise of pulsed CO chemisorption
measurements and FTIR spectroscopy of adsorbedh @@li controlled experimental conditions to
dose low coordination gold sites exposed at thiaserof TiQ and CeQ oxides [17].

Subsequently, we have proved that this methoditalde also for the quantitative determination of
the gold sites on Au/Zr&xatalysts [16]. Chemisorption data are reportetiable 1 as

molCO/molAu ratio, and they allow us to directlyngpare all samples, as they refer to the number



of moles of Au in each sample. CO chemisorption gises a measure of gold dispersion and it
can be related to the respective catalytic perfogaa. A high molCO/molAu ratio indicates the
presence of clusters that are able to activate gutaeoxygen producing atomic O species and
thereby rendering the catalyst more active forutaff esterification reaction [8]. The volumetric
experiments showed that the molar ratio betweearadd CO and gold on Z-Au is quite high,
indicating the presence of gold clusters. An inedrate value of the ratio was obtained for gold
supported on ceria, for which a small amount ofchusters was present. The sample supported on
titania presented the lowest molCO/molAu valuejdating that almost only large Au patrticles
were present on this catalyst.

A careful HRTEM analysis was carried out in ordefdcus on the gold dispersion on the
different supports. The results are resumed inrei@guvhere a HRTEM representative image and
the metal particle size distribution for each sarak shown. The measurements revealed the
presence of very small roundish Au particles withrage size of 2.3+1.1 nm on the Z-Au catalyst
with a quite narrow and symmetric particle sizdribsition, indicating that the gold nanopatrticles
had homogeneous size. However, we were not aloletext gold particles of even smaller size by
means of HRTEM, but we were aware of their presémmee CO chemisorption data.

On C-Au, HRTEM measurements evidenced the presain&a particles with average size of
2.0£1.4 nm. The particle size distribution was guarrow and symmetric and it was shifted
towards smaller sizes. However, chemisorption dataaled a small amount of chemisorbed CO,
indicating that on this sample the amount of clissteas smaller than that of the zirconia supported
catalysts.

T-Au contained gold nanoparticles with average @nof 4.2+1.5 nm, meaning that large gold
particles only were present on this catalyst. Tifisrence is in good agreement with CO
chemisorptions. Moreover, when compared to thogkebther samples, the particle size

distribution of this sample was very broad rangegveen 2 and 11 nm.

3.2. Catalytic performancesin the furfural oxidative esterification reaction

The catalysts were tested in the oxidative estatifon of furfural to methyl-2-furoate (see Scheme
1). Such reaction was carried out in methanol withibe addition of NaCkD, which would
potentially make the esterification process lesgrenmentally friendly and more expensive [5]. A
part from 2-MF, the only by-product that was fousdhe acetal derivate, as reveal by mass

spectroscopy.
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In Figure 3 the conversions and the 2-MF seleativiafter 90 minutes of reaction are reported. Z-
Au catalyst showed very good catalytic performarfoe®oth conversion (82%) and selectivity
(92%). The catalytic performance of this sample des to the very high dispersion of the gold
active phase, as indicated by CO chemisorption ddta Au clusters are able to activate molecular
oxygen producing atomic O species that render dtedysts more active for furfural esterification
reaction [8]. The C-Au catalyst showed a lower @sion (66%) than Z-Au sample. The
molCO/molAu ratio obtained for this catalyst waB@).indicating the presence of small gold
nanoparticles. Selectivity was much lower if conguhbio the zirconia catalyst. In fact, this sample
presented a remarkable formation of 2-furaldehyideethyl-acetal. The conversion for the T-Au
catalyst was very low (20%), according to the pneseof big gold particles with size around 4 nm,
even if the selectivity was surprisingly good amdagpar with the value attained by Z-Au sample
(above 90%).

All these results quite clearly indicate that gdispersion is a crucial factor controlling
conversion. However, gold dispersion itself carexqilain the trend observed as for selectivity.
Table 1 reports the gold content for each samphgciwis in the 1-2 wt% range. Despite a lower Au
loading, if compared to the other catalysts, theariia supported sample presented the best
catalytic results, indicating a vital role playegthe support. To accommodate this anomaly, we
normalized the catalytic conversion towards a BRéctic surface area: see Table 2. It is well
known from the literature [18] that despite the mlmver SSA exhibited by the zirconia-based
catalyst, it always exhibits the best catalyticfpenance, as activity is strongly influenced by
reactivity of the support. In order to shed sorgétlion this aspect, we performed FTIR spectra

relative to the adsorption/desorption of £40 BT.



3.3. FTIR spectra of adsorbed CO,
When present, C{xan interact with surface basic sites, liké &ions if present, forming
carbonate- and/or bicarbonate-like (hydrogen-caat®rspecies [19]. These species are
characterised by peculiar IR bands in the 2000-108 Their resistance to outgassing is a clear
indication of their stability. Figure 4 providestmain spectroscopic features indicating the
interaction between the probe molecule and thewrifft Au-based catalysts. Prior to adsorption, all
samples have been thermally activated in ordeetoid of most of the contaminants (water,
anions, hydro-carbonaceous residues) typicallygmtesn the surface of such oxidic systems. In
Figure 4 all the spectral patterns are reportatiféeerential spectra obtained by subtracting the
contribution of the spectrum relative to the plaativated sample from the spectra of the adsorbed
or desorbed probe molecule. Accordingly, all thedsacorrespond to species which form or resist
to adsorption or desorption respectively. The dadlaanalysis of the various spectral patterns
reveals that on T-Au and Z-Au (see the correspandunves in Figure 4) there is a fair formation
of:

carbonate-like species, due to the “side-on” coattbn of CQ onto pairs of coordinatively
unsaturated (cus)O M™ ions; the spectral components corresponding téotimeation of these
species are quite complicated by many factors, gmadgnch are the natural width of the bands, the
presence of band pairs for each kind of carborthte {0 the symmetric and antysimmetriof the
O-C-0O groups), and the large variety of specieséa;

bicarbonate-like species (indicated by B and ewee by the green dotted line), due to the
interaction of CQ with suitably located free OH groups. B specidsilak, besides the O-C-O
stretching modes pair (visible at ~1620 and ~1480)ca rather narrow peak at ~3610tm
(stretchingyOH; not reported for the sake of brevity), and 228.cm* (bending,cOH) vibration.

Moreover, it can be mentioned that the main carteshige species formed mono-dentate species

(with spectral components located at ~1590, 1428 &hd 1310 cif) for all systems [20].
However, only in the case of the T-Au sample a pachand located at 1380 ¢hwas evident:
this was due to thEy+ mode of the C@molecule involved in linear coordination with [agé
cationic sites, i.e. T ions, present at the surface of the catalyst, téwsaling a residual
(somewhat important) Lewis acidity.

As for the C-Au system, carbonate-like specidkfetimed, but had little in common with
those formed in the other Au-based systems. Thlisates that their structure is typical of the so-
called bi-dentate carbonates, which are charaettby the v (O-C-O) modes in the 1680-1790 cm

! spectral range and below ~ 1200 tmhese species are structures that are bridgioggh two



O species of the carbonate molecule and one surtdiom, i.e. M&" species, and are typical of the
medium-high dehydration stages of oxides [21]. Mwue, one cannot exclude the formation of
hydrogeno-carbonate species for this system; agsweak absorptions are present in their typical
positions (see the broken-line arrows reportedguie 4). In summary, to obtain the best
performing catalyst activity, both gold dispers{éor good conversion) and acid/base properties of
the support (for good selectivity) must be taken eccount. In order to check if a trend can be put
into evidence, we took the spectral component &gtat ~ 1224 cihas a “measure” of the intrinsic
reactivity of the various supports: the integradeei of this component has been reported in Table
2. It can be observed that the trend is the folhgwiZz-Au >> T-Au >> C-Au. On the basis of all the
obtained results, it can be concluded that thegmess of suitably located free OH groups, which
bring about the formation of hydrogeno-carbonaecs, is vital to lead to a good catalytic
activity. This is achieved in the case of zircosigported catalyst, for which a high gold dispersio
is observed as well. In the case of the T-Au samiiich exhibits a quite good amount of ‘FOH
species that can explain its intrinsic good selégtiits low conversion value can be justifiedthye
worst Au dispersion. Finally, C-Au system possegmesl conversion, due to its good Au
dispersion, but exhibits low selectivity due to peor reactivity of its surface leading to the

formation of hydrogeno-carbonate species.

3.4. Investigation on stability and reusability of the catalysts
Catalysts deactivation is a major challenge inlgataprocesses. However, tracing the origin of
deactivation is often difficult, due to several sitaneously occurring mechanisms contributing to
the loss of activity and selectivity. A better uratanding of the deactivation processes is essentia
in order to minimize additional costs and for imyry and/or optimizing (i) process conditions,
(ii) catalysts design and (iii) for preventing pratare catalyst degradation. Combined with the
relatively high price of gold, improved stability the catalyst will add competitiveness to a
technology. The study of catalyst deactivation &nty a characterization oriented problem, as the
relevant main mechanisms are sintering, metal laga@md poisoning. Sintering, which is
considered to be an irreversible phenomenon, leEadseduction of the active surface area. Loss of
active components by leaching also leads to cdtdbactivation. Either reactants or products
generated from the main or side reactions may aglaimat the active surface; carbon containing
species may build up on the surface and poisomysigally block the active sites.

Very recently we have investigated the stabilitgold based catalysts supported on
sulphated zirconia in the furfural oxidative edteation [8]. We have ruled out metal leaching and

gold sintering problems throughout the reactioretas the cause of deactivation of our catalysts.



As revealed by both TPO and FTIR analyses, theorefas catalysts deactivation is due to their
tendency to adsorb organic-like species that actatenduring the reaction. The deactivation is
reversible and, after heating in oxygen atmosphteeproper temperature (450 °C), the catalyst
surface is again set free by evolution of carbaxidie [8]. Such oxidation treatment of the
exhausted catalyst allows to almost completelyvedng catalytic performances [8].

The TPO profiles of the various catalysts aftact®n have been reported in Figure 5. The
presence of one broad band that starts at aboliCL88d closes at 500 °C was formed in the curve
of Z-Au. The band is due to CO2 evolution, as aoméid by mass spectroscopy that generates from
the decomposition of organic species present autace of the catalyst. Therefore, the catalyst
has been heated in oxygen atmosphere at 450 WCdém to eliminate the contaminants. After
regeneration at 450 °C in oxygen, the catalytiéqrarance of the Z-Au sample is almost
completely recovered, as reported in Figure 6.

On the other hand, the TPO profile of the spentuleAtalyst presents two peaks centred at 250
°C (broad) and 360 °C (very sharp), respectivalggest that very low conversion data was
observed due to the poisoning of the surface lgoyg particles. When compared with Z-Au
sample, both conversion and selectivity of the TsAmple are very low after the same thermal
regeneration in oxygen. However, conversion in@gsa$ightly, whilst selectivity drops down.
Characterization data have shown that, after tisereaction, the exhausted T-Au sample has only
0.81 wt% of gold, indicating that the catalysttioagly affected by metal leaching in the reaction
medium. In this case the calcination treatmen0&t X is then likely not sufficient to establish a
strong metal/support interaction. We can conclind the T-Au sample is not recyclable and it is
not suitable for this catalytic reaction.

The TPO of the exhausted C-Au sample presentyémnoweak peaks at 180 °C (very
broad) and 350 °C (sharp), indicating the highduogility of the ceria support compared to the
other systems. After regeneration, the catalytiopmances are similar to that of the prepared
sample, as shown in Figure 6. This result mighdbe a partial covering of the surface by
contaminants. The C-Au catalyst is therefore reaylel, and presents no gold leaching during the

reaction.

4. Conclusion
Gold based catalysts were investigated in the dixel@sterification of furfural by an efficient
and sustainable process. The furoate ester cabhtamed with optimal yields by a process more

environmentally friendly than the actual one.



A comparison among metals, such as Zirconium, @erand Titanium, as a support for Au-
based catalysis was performed. Catalytic performafmlowed the trend of Z-Au > C-Au >> T-
Au. Both chemical and morphological properties hsas (i) high dispersion of Au, (ii) specific
surface area of the support, and (iii) proper sigfsites on the support itself, influence the
esterification process. While the surface aredefsupport influenced the conversion, surface sites
affected the selectivity in the process. In thiglgt zirconium proved to be the ideal support for
Au-based oxidation of furfural as it is active,essive, recyclable, and applicable in a biomass

based renewables producing industry.
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Table 1. Physico-chemical properties of the samples aralytat performances.
Au/ZrO; Au/CeQ AU/TIO,

Z-Au C-Au T-Au
Surface area (ffg) 39 105 166
Pore diameter (nm) 21 5 4
Pore volume (cfiig) 0.26 016 0.21
Au loading (%) 1.0 2.2 1.2

Chemisorption m@o/mola,) 0.24 0.06 0.004




Table 2. Comparison between the “normalized” catalytic amsion and the integrated area of the

1224 cnt spectral component

Sample Conversion/SSA * Integrated area of the 1284
spectral component

Z-Au 82/39=2.1 2.89
C-Au 66/105 = 0.62 0.15
T-Au 20/166 = 0.12 0.68

* obtained normalizing the catalytic conversion to¥gahe BET specific surface area

Figure 1: N, physisorption isotherms of the catalysts and (thsleeir BHJ pore size distributions.
Figure 2: HRTEM images of calcined catalysts and gold patitte distribution. The images were
taken at an original magnification of 300000X.

Figure 3: Catalytic performances after 90 minutes of reaction

Figure 4. Differential spectra relative to G@dsorption/desorption at BT onto the different Au-
supported catalysts. Black curves refer to the mudiem of the probe molecule, whereas red curves
refer to the desorption (i.e., pumping off) in vadar 30 min.

Figure5: TPO of the exhausted catalyst after 90 minutesadtion

Figure 6: Catalytic performances in the reuse tests
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