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ABSTRACT: Thin films derived by the deposition of charged
microdroplets generated in the ESI source of a mass spectrometer
act as highly concentrated reaction vessels in which the final
products of an ion—molecule reaction can be isolated by their
precipitation onto a solid surface under ambient conditions. In this
study, the ESI Z-spray source supplied to a Q-TOF Ultima mass
spectrometer was used to investigate the D-fructose acid-catalyzed
reactions by microdroplets deposition onto a stainless-steel target
surface. High conversion ratios of p-fructose into S-hydroxyme-
thylfuraldehyde (S-HMF), S-methoxymethylfuraldehyde (S-
s MMF), and difructrose anhydrides (DFAs) were obtained with
6 HCl and KHSO, as metal-free catalysts by using synthetic
7 conditions under which the same products in bulk are not formed.
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8 Furthermore, the reaction outcome was found to be highly sensitive to the catalyst and the solvent employed as well as to the ESI
9 source parameters influencing the thin film formation from microdroplets deposition onto the solid surface.

1 l INTRODUCTION

2> In addition to its use as an analytical tool, mass spectrometry
3 (MS) has long been employed in reaction monitoring to
intercept elusive intermediates and highlight the mechanistic
s details of a chemical transformation.'~® The introduction of
electrospray ionization (ESI) by Fenn et al.” enables one to
7 directly generate a plume of charged microdroplets from a
8 diluted aliquot of a reaction mixture. Once desolvated, the
microdroplets release isolated ionic species that provide an
0 accurate picture of the reaction progress in solution. Moreover,
1 by increasing the distance between the ESI source and the MS
2 entrance, the desolvation time of the charged droplets in the
3 air increases. As a consequence, the ionized reagents, typically
4 detected by MS at short distances, may be replaced by the
s reaction intermediates or even by the reaction final products.
6 In the confined volume of the microdroplets, the reaction rate
7 can be accelerated up to 10° times compared to the same
g process occurring in bulk® becoming comparable to that
9 measured in the gas phase where the reactivity of the reactants
is not influenced by the solvent molecules. Nevertheless, gas-
phase reactions can be fast, but in most cases, they do not
produce enough product for practical applications.”” "
Conversely, under suitable conditions, the charged micro-
droplets generated in the ESI source may act as small reaction

45 vessels in which the final products of an ion—molecule reaction

46

can be easily isolated by their deposition onto a solid

© XXXX American Society for Mass
Spectrometry. Published by American
Chemical Society. All rights reserved.
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surface.'”~* The microdroplets landing onto the solid surface

continuously generate a thin film that is characterized by a
longer lifetime with respect to the microdroplets but retains
their peculiar confined volume needed for reaction accel-
eration,' >

Since several milestone reactions of organic chemistry have
been recently accelerated in the microdroplets/thin films
environment,”> we decide to extend our studies about the
decomposition of sugars in the gas phase”*™*® to the confined
volumes of the microdroplets/thin films systems in an attempt
to scale up this procedure for potential synthetic applications.

Processes allowing the utilization of carbohydrates from
lignocellulosic biomass as a renewable resource have received
great attention over time. Furan derivatives, such as 5-
hydroxymethylfuraldehyde (S-HMF), are produced by the
acid-catalyzed dehydration of hexoses, thus obtaining key-
building block molecules from “green” resources.”” > In water
solutions, the reaction is conducted at high temperatures and
catalyzed by strong inorganic acids. The highest S-HMF yields
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were obtained from D-fructose, although the reaction in bulk
presents numerous drawbacks that limited its industrial
application, such as the rapid hydrolyses of S-HMF to levulinic
acid or the formation of insoluble humins.

An additional important reaction observed in D-fructose
acidic solutions is the condensation of two D-fructose
molecules leading to the formation of difructose anhydrides
(DFAs) by the loss of water.”*™*° DFAs are a group of
isomeric oligosaccharides that can be used as low-calorie
sweeteners.”. Important probiotic properties have been
recently attributed to this class of compounds, such as
promoting the growth of beneficial microflora in the gut and
protecting the intestinal tract favoring the assimilation of
antioxidants.”®

Dehydration and dimerization represent the two different
reaction channels characteristic of the p-fructose carameliza-
tion under acidic conditions. In solution, the fructosylox-
ocarbenium cation (m/z 163), arising from the first
dehydration of D-fructose, can alternatively dehydrate to
produce 5-HMF or dimerize and cyclize to produce DFAs
(Scheme 1).

Scheme 1. Mechanistic Pathway of the Acid-Catalyzed
Caramelization of p-Fructose in Bulk”

OH
O,
HO
& OH D-fructofuranose
HO OH

Mw=180

E

H
o HO . OH o
HOW* dimerization HO O\ -2H,0 O.
O WOH +—— \ — 1o W
ol HO o h HO  OH
OH ’ MwW=126
= m/z 163
Mw=342 5-hydroxymethylfuraldehyde
cyclization
HO: H0
HOW* ; v°
20 WOH
OH o
MW=324 OH

Difructose anhydride 11l

“The dimerization/cyclization reaction showed involves the same C1-
OH groups of two D-fructose molecules leading to difructose
anhydride IIL

In this study, the p-fructose acid-catalyzed reactions in the
microdroplets/thin-film systems were investigated by using the
ESI Z-spray source of a Q-TOF mass spectrometer recently
adapted to perform ion and microdroplet deposition experi-
ments.”” Different solvent mixtures containing HCI and
KHSO, as acid catalysts were used. Strong inorganic acids,
such as hydrochloric acid, are commonly used in the hexose
dehydration/dimerization reactions in water, whereas KHSO,
has been recently recognized as a selective and safe acid
catalyst for sugar conversion to 5-HMF."’ The efficiencies of
the observed reactions were evaluated in terms of conversion
ratio (CR) and apparent acceleration factor (AAF) with
respect to the same process in bulk. The branching ratios of
the different reaction channels were evaluated as a function of
the catalysts and solvents employed, as well as of the ESI
source parameters used.

B EXPERIMENTAL SECTION

Reagents. bp-fructose, 5-HMF, 5-MMF, HCl, KHSO,,
solvents, and all other chemicals were purchased from
Sigma-Aldrich Ltd. and used without further purification.

Mass Spectrometric Experiments. Microdroplet deposi-
tion experiments were performed by using the Z-spray ESI
source of a quadrupole-time-of-flight (Q-TOF) mass spec-
trometer (Micromass, Manchester, UK) suitably adapted to
microdroplets reaction studies and operating in positive-ion
mode.

p-Fructose and the catalyst (HCI or KHSO,) were dissolved
in H,O or CH;OH/H,O and CH;CN/H,O mixtures to
millimolar concentrations, electrosprayed into the ESI source
of the instrument, and online analyzed before the micro-
droplets deposition experiments. Nitrogen was used as
desolvation gas at a flow rate of 200 L h™', whereas source
and desolvation temperatures were set at 80 and 200 °C,
respectively. Typical source potentials are as follows: capillary
4 kV, cone 60 V, RF lens-1 70 V, and syringe pump flow 20 uL
min~'. According to the experimental procedure adopted in
this study, after acquiring the zero-time mass spectrum of the
solution in the 50—500 m/z range, 1 mL of the same mixture
was infused into the ESI source and the charged microdroplets
were collected onto a stainless-steel plate held 3.0 cm away
from the capillary tip.

A total reaction time of 50 min can be estimated by
considering the solution volume of 1 mL infused at a rate of 20
uL min~". Microdroplet deposition leads to the formation of a
solid precipitate that was rinsed with 1 mL of the same sprayed
solvents mixture, and the resulting solution was mass-analyzed
under the same ESI experimental conditions used to acquire
the zero-time mass spectrum. The amount of the collected
solid precipitate was measured by depositing the microdroplets
onto a previously weighed portion of aluminum foil.
Depending on the spray temperature used, the solid recovery
in the HCl-containing solutions varied from 90% at low
temperatures (the solid mainly contains unreacted p-fructose)
to 60—70% at spray temperatures around 150 °C. The same
estimation was critical in the KHSO, systems since this salt is
hygroscopic and sometimes the amount of the collected mass
was higher than the starting one.

The reactions were also performed in bulk by heating the
starting solutions of D-fructose containing HCl or KHSO, at
100 °C for 1 h under reflux. After this time, the reaction
mixture was quenched, cooled, and analyzed by mass
spectrometry.

The reaction progress has been qualitatively evaluated by
measuring the conversion ratio (CR) following the general
formula [P1]/([R] + [I] + [P1] + [P2]) where P1 is the ionic
intensity of the microdroplets product, whereas [R], [1], and
[P2] are the ionic intensities of the reagent, intermediates, and
reaction byproducts, respectively. The intensity of the ions was
processed without any correction due to different ionization
efficiencies. Changes in the conversion ratios were in turn
evaluated as a function of the source parameters by varying the
capillary voltage (0—4 kV), the desolvation temperature (50—
350 °C), and the capillary tip-stainless steel plate distance
(0.5-3.0 cm).

The apparent acceleration factors (AAF) of the reactions
were obtained by comparing the intensity ratio between
products and reagents from the droplets deposition process to
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the corresponding value measured for the reaction in bulk
according to the equation ([P]/[R]) droplet/ ([P1/[R]D pute.

The reaction products and intermediates were characterized
by collision-induced dissociation (CID) experiments. CID
mass spectra were acquired by introducing Ar as the target gas
into the quadrupole cell at pressures of about 0.1—0.5 mTorr.
Data acquisition and processing were carried out by using the
MassLynx version 4.0 software supplied with the instrument.

B RESULTS AND DISCUSSION

To investigate the acid-catalyzed hexose sugar reactivity by
microdroplets deposition, D-fructose solutions with variable
content of HCl and KHSO, were sprayed into the ESI Z-spray
source of a Q-TOF mass spectrometer recently adapted to
perform microdroplets reactivity experiments.”” The stability
of the p-fructose acidic solutions at 25 °C was first evaluated
by analyzing the starting mixtures. No sugar decomposition
was observed at pH = 3 for both the HCI and KHSO, systems
even after several days from their preparation, whereas at lower
pH values an increasing decomposition of the sugar even at 25
°C was observed especially with HCl. Thus, the p-fructose
reactivity was studied by using solutions having pH values > 3.
The microdroplets generated by the ESI source were collected
onto a stainless-steel plate placed in front of the ESI capillary.
After the microdroplets deposition, a white or brown solid
residue was formed on the metal surface depending on the
source parameters used (Figure 1).

Figure 1. Solid residues recovered after microdroplet deposition: (a)
white p-fructose crystals; (b) brown solid containing a mixture of b-
fructose decomposition products.

The solid was then rinsed with the same sprayed solvent
mixture and analyzed with the Q-TOF mass spectrometer. The
ESI mass spectra of the CH;OH/H,0O 1:1 HCI pH = 3 and
CH;0H/H,0 1:1 KHSO, pH = 3 p-fructose solutions, taken
as representative of all the investigated systems, are reported in
Figures 2 and 3, respectively.

The ESI mass spectrum of the HCI pH = 3 starting solution
(Figure 2a) is dominated by the ions at m/z 383 and 203,
corresponding to the [(p-fructose),]Na* and [p-fructose]Na*
species characteristic of the starting reactive sugar bounded to
ubiquitous sodium cations.

Comparing this spectrum with that of the reaction products
obtained by rinsing the residue deposited after the electrospray
deposition of 1 mL of the solution (Figure 2b), a decrease in
the ions at m/z 383 and 203 was observed, attesting to the
extensive sugar decomposition. The main product generated
by the p-fructose microdroplets deposition reactions is the ion
at m/z 127 formally corresponding to protonated S-HMF. The

383
100

[(D-fructose),]Na* a)

[D-fructose]Na*
203

%

0 e
80 120 160 200 240 280 320 360 400 440 480 m/z

100 127 b)

[5-Hydroxymethylfuraldehyde]H*

[D-fructose]Na*

203 [Methyl-D-fructose]Na*

217
| Ceid

[Difructose-anhydride]Na*

0 " .
80 120 160 200 240 280 320 360 400 440

480 m/z

Figure 2. ESI mass spectra of 10~ M p-fructose CH;OH/H,O 1:1
(HCI) pH = 3 solutions: (a) zero-time ESI mass spectrum of the
starting solution; (b) ESI mass spectrum of the solution obtained by
rinsing the solid precipitate generated by the ESI deposition of 1 mL
of the starting solution.

100 9 [D-fructose]K*
a)

[KHSO,]K*
175 [(KHSO,),IK*
311 [(D-fructose),]K*

) 399
80 120 160 200 240 280 320 360 400 440 480 m/z

[(KHSO,),]K*
44}7

127
100 [5-Hydroxymethylfuraldehyde]H*

b)

%

[Difructose-anhydride]K*
363
[5-Methoxymethylfuraldehyde]H*

1 165
141 ‘ [5-Hydroxymethylfuraldehyde]K*
.

0

80 120 160 200 240 280 320 360 400 440 480 m/z

Figure 3. ESI mass spectra of 1073 M p-fructose CH,0OH/H,0 1:1
KHSO, pH = 3 solutions: (a) zero-time ESI mass spectrum of the
starting solution; (b) ESI mass spectrum of the solution obtained by
rinsing the solid precipitate generated by the ESI deposition of 1 mL
of the starting solution.

D-fructose dimerization reaction leading to the formation of 208

difructose anhydrides is also catalyzed by HCI, as evidenced by
the formation of the [DFAs]Na* adduct at m/z 347. It is
interesting to underline the formation of the ionic product at
m/z 217, corresponding to sodiated methyl-D-fructose, that is
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Table 1. p-Fructose Conversion Ratios Measured in Different Solvent Mixtures at a Desolvation Temperature of 200 °C

catalyst pH solvents CR getydration CR gimerization CR™ 1 thytation total CR
HCI 3 H,0 8.1 8.1
HCI 3 H,0/CH,CN 1:1 54.8 4.0 58.8
HCl 3 H,0/CH,0H 1:1 60.7 17 37 66.1
HCI 4 H,0/CH,OH 1:1

KHSO, 3 H,0 511 22 933
KHSO, 3 H,0/CH,CN 1:1 80.5 14.9 95.4
KHSO, 3 H,0/CH,0H 1:1 72,0 23 49 99.2

“CR denotes the ratio between the product ion intensity and reactant and byproduct ion intensity. “Methylation products refer to the sum of S-

methoxymethylfuraldehyde and methyl-p-fructose.

indicative of a peculiar microdroplets methylation reaction,
reasonably due to the presence of methanol as cosolvent.

Moving to the KHSO, system, the spectrum of D-fructose/
KHSO, pH = 3 CH;0H/H,O starting solution (Figure 3a) is
dominated by an intense ion at m/z 219 that corresponds to
the metal adduct between the potassium cation and p-fructose,
whereas the minor ionic distribution of the type [K-
(KHSO,),]* (n = 1-3) at m/z 175, 311, and 447 can be
ascribed to the molecular speciation characteristic of the
inorganic salts in the gas phase.

As shown in Figure 3b, also the ESI mass spectrum of the
solid obtained by the microdroplets deposition reaction
catalyzed by KHSO, is dominated by the [S-HMF]H" ions
at m/z 127 and [S-HMF]K" ions at m/z 165, characteristic of
the p-fructose dehydration reaction. Methylation and dimeri-
zation reaction products are also present, as attested by the
formation of the ion at m/z 141, corresponding to protonated
S-methoxymethylfuraldehyde, and the [DFAs]K* adduct at m/
z 363. It is worth noting that, in this case, the methylation
reaction seems to involve S-HMF rather than the p-fructose
starting reagent, as observed in the reaction catalyzed by HCL
To verify whether the methylation reaction occurs on D-
fructose that subsequently dehydrates to form the ion at m/z
141 or the latter species derives by the direct methylation of S-
HMF, a CH;0H/H,O0 1:1 KHSO, pH = 3 solution of 5S-HMF
was submitted to microdroplets deposition reaction under the
same experimental conditions used for Dp-fructose. No
methylated products were observed, thus demonstrating that
D-fructose is methylated prior to undergoing the dehydration
reaction leading to the ions at m/z 141. Evidently, KHSO,
more efficiently catalyzes the dehydration of methylated p-
fructose with respect to HCL

The definitive attribution of reaction neutral products to 5-
hydroxymethylfuraldehyde and S-methoxymethylfuraldehyde
was obtained by comparing the characteristic CID mass
spectra of the ions at m/z 127 and m/z 141 with those of
protonated standard molecules (Figures S1 and S2). The Na*-
and K*-cationized DFAs ions at m/z 347 and 363, respectively,
do not fragment by collision, thus suggesting the formation of
strongly bound molecules, such as difructose anhydrides,
rather than simple cation adducts between two 162 Da neutral
moieties.

The ESI mass spectra of the recovered solutions obtained by
rinsing the solid residue obtained after the microdroplets
deposition clearly demonstrate that dehydration, methylation,
and dimerization are the peculiar D-fructose reaction channels
common to the two different inorganic acid catalysts used. To
investigate the role of the solution composition on the
branching ratios of these reaction channels, different solvent
mixtures at different pH values were tested. Table 1 reports the

conversion ratios of the three different processes measured
starting from a pure water solution to H,0/CH;OH and
H,0/CH;CN mixtures.

Among the systems catalyzed by HCI, the H,0/CH;OH 1:1
mixture at pH = 3 gives the higher sugar conversion ratio with
the dehydration channel that strongly predominates over the
methylation and dimerization reactions. Methylation disap-
pears when the reaction is performed in H,O/CH;CN,
whereas all the reaction channels are suppressed by using
pure water. The lack of methylated products in the mixtures
containing CH;CN clearly underlines the role of methanol to
promote the methylation reaction channel. No reactions were
observed with HCI at pH values higher than 3 even at
desolvation gas temperatures above 300 °C.

A total conversion ratio approaching 100% was measured for
all the investigated mixtures involving KHSO, as an acid
catalyst. The H,0/CH;CN solution at pH = 3 is the optimal
system to catalyze the D-fructose dehydration with KHSO,,
whereas the dimerization reaction is increased under the
conditions that seem to hinder the dehydration channel as in
the case of a pure water solution.

By comparing all of the results, KHSO, seems to be the best
catalyst to accelerate the p-fructose reactions by microdroplets
deposition in the slightly acidic condition used (total CR =
99.2%). Moreover, the H,0/CH;OH pH = 3 systems
containing HCI or KHSO,, allowing the observation of more
extensive D-fructose decomposition, were chosen as model
solutions for the subsequent experiments.

Effects of the ESI Z-Spray Source Parameters. In
previous studies concerning accelerated microdroplets reac-
tions, the ESI source parameters were crucial in affecting the
conversion ratio of the process under investigation.”'~*
Considering that the temperature strongly affects the bD-
fructose caramelization reaction, the influence of this
parameter on the branching ratio between the observed
reaction channels of the two p-fructose H,O/CH;0H pH = 3
model mixtures was first investigated. In the instrumental setup
used in our experiment, the source block temperature does not
influence the bp-fructose reactivity since the microdroplets
formed on the way from the ESI needle to the metal plate do
not cross the MS inlet before being collected. On the contrary,
the reaction outcome can be mainly affected by the
temperature of the desolvation gas that promotes solvent
evaporation both in the flying microdroplets and in the thin
film resulting from their deposition onto the solid target. In the
ESI Z-spray source, the nitrogen desolvation gas is heated and
delivered as a coaxial sheath to the nebulized liquid spray by
passing through a desolvation nozzle that can be heated up to
350 °C. The temperatures of the desolvation nozzle were
varied from 50 to 350 °C and the corresponding actual spray
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temperatures were measured by a thermocouple intercepting
the microdroplets stream prior to their deposition onto the
target (Figure S3). Commonly, the actual temperatures
measured were around 50% of the set desolvation gas
temperature, ie., a desolvation gas temperature of 200 °C
corresponds to an actual spray temperature of about 90 °C. In
Figures 4 and S, the relative intensities of the three reaction

ED-Fru ¥Dehydr. “Dimer. ®Methyl.

100 -

90 -

80 -
70 -
60
40 -
30 -
20 -
10 -
50 70 90 120 140 160

40

Relative intensities %
n
g

Microdroplets spray temperature °C

Figure 4. HCl-catalyzed reaction channel relative intensities (%)
versus microdroplet spray temperatures (°C). Other source
parameters are as follows: capillary 4 kV, pump flow 20 uL min~},
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parameters are as follows: capillary 4 kV, pump flow 20 L min™",

and desolvation gas flow 200 L hL

channels catalyzed by HCl and KHSO,, respectively, are
plotted as a function of the actual microdroplet spray measured
temperatures.

By using HCI as a catalyst, the dehydration reaction (red
bars) predominates over the other reaction channels at all the
tested temperatures. The S-HMF formation starts at a spray
temperature around 90 °C and reaches a maximum relative
intensity of about 100% at 140 °C.

The methylation and dimerization are minor side reaction
channels that never overcame a relative intensity of 10%, with
the methylation that has its maximum intensity at 120 °C.

As displayed in Figure 5, the p-fructose conversion catalyzed
by KHSO, is already complete at a spray temperature of 90 °C,
converse to the HCI system where a temperature of at least
140 °C is necessary to fully decompose the sugar.

The yield of S-HMF in the KHSO, system progressively
increases with the spray temperature up to a threshold value of
ca. 90% at 160 °C. Moreover, a temperature around 90 °C is
required to maximize the selectivity of the process toward the

dehydration reaction. The optimal temperature to drive the
reaction to the production of DFAs is 70 °C, whereas the p-
fructose methylation reaction starts at a temperature around 50
°C and reaches a maximum relative intensity of about 40% at
140 °C.

By comparing the graphics of the two different catalysts
used, it is evident the stronger ability of KHSO, to promote all
the D-fructose decomposition channels even at lower temper-
atures than HCIL. The peculiar property of the HCI solution is
the capability to drive the reaction almost completely to the
selective formation of S-HMF.

The ESI capillary voltage is another fundamental source
parameter that typically influences the nature of the desolva-
tion process leading to the microdroplets formation.**** The
relative intensities of the three different reaction channels were
measured at a capillary voltage of 0 kV and at a spray
temperature of 50 °C, at which the p-fructose is not fully
decomposed, in order to determine whether this parameter
influenced the observed reactions. Similar results were
obtained in the absence of the applied capillary voltage with
respect to the 4 kV capillary voltage experiments, thus
demonstrating that the conversion ratios measured are only
slightly affected by the ESI source electric field (Figure S4).

Microdroplets or Thin Films Reactions? To determine
whether the reactions occur during the microdroplets flight to
the target or by the fast evaporation of the thin film formed by
their deposition onto the solid surface, the target surface was
moved closer to the ESI source cone entrance (0.5 cm). At
such a small distance, the microdroplets lifetime is too low to
allow reactions and the spray composition reflects that of the
starting mixture, as demonstrated by the starting solution
spectra previously reported. As shown in Figure 6, the mass
spectra of the solid residues recovered by spraying the p-

7
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Figure 6. Mass spectrum of the solid residue obtained by spraying a
1073 M p-fructose solution onto the solid target positioned at a 0.5 cm
distance from the ESI tip: (a) H,0/CH;OH HCI 1:1 pH = 3
solution; (b) H,0/CH;OH 1:1 KHSO, pH = 3 solution. The
measured spray temperature was 110 °C.
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372 fructose model mixtures onto the solid surface positioned at
373 the shortest distance from the ESI probe contain all the
374 characteristic dehydration, dimerization and methylation ionic
375 products already observed at the longer target distance.

376 This suggests that the observed reactions do not occur
377 during the microdroplets flight toward the solid surface; rather,
378 the recovered solid products derive from the rapid evaporation
379 of the thin film of liquid produced by the microdroplets
380 deposition. Moreover, this evidence explains the strong
381 sensitivity of the reaction outcome to the spray temperature
382 value and the lack of remarkable effects by changing the
383 capillary voltage that influences only the microdroplets
384 formation process.

385 Microdroplet Thin-Film Deposition versus Bulk
386 Reactions. To establish the apparent acceleration factors of
387 the reactions observed in the microdroplets thin films
388 deposition process with respect to the same reactions in
389 bulk, the same p-fructose H,O/CH;O0H 1:1 pH = 3 solutions
390 containing HCI or KHSO, were heated at 100 °C under reflux
391 for 1 h, i.e., almost the same experimental conditions used to
392 measure the conversion ratios reported in Table 1.

393 The spectra of the HCl solution taken at time zero and after
394 1 h of reaction are completely superimposable (Figure SS).
39s None of the dehydration, dimerization, and methylation
396 reactions occur in the HCI solution at pH = 3. Only a very
397 low conversion ratio to S-HMF was, instead, observed for the
398 solution containing KHSO, as a catalyst (Figure S6).

399 D-Fructose dimerization and methylation reactions catalyzed
400 by HCl and KHSO, at pH = 3 are peculiar reaction channels of
401 the microdroplets thin film deposition process and do not
402 occur in solution under the same experimental conditions.
403 KHSO, catalyzes the dehydration reaction both in the thin-
404 film system and in solution at pH = 3. Nevertheless, by
405 considering the KHSO, dehydration conversion ratio of about
406 7.0% measured in bulk, an apparent acceleration factor of 10.5
407 can be estimated for the corresponding thin-film process.

—

408 l CONCLUSIONS

409 The fast desolvation of p-fructose thin films generated by
410 microdroplets deposition of HCl or KHSO, slightly acidic
411 solutions onto a stainless-steel surface leads to the formation of
412 D-fructose dehydration, methylation, and dimerization prod-
413 ucts, such as S-hydroxymethylfuraldehyde, S-methoxymethyl-
414 furaldehyde, and difructose anhydrides. The reaction outcome
415 is highly dependent on the catalyst and solvent employed as
416 well as on the spray temperature value. It is interesting to note
417 that a diluted solution of a “green” catalyst, such as KHSO,,
418 promotes the total conversion of the sugar at a spray
419 temperature around 90 °C, whereas HCI selectively drives
420 the reaction to the p-fructose dehydration under mild synthetic
421 conditions by which the bulk reaction does not take place. The
422 dimerization and methylation reactions catalyzed by KHSO,
423 are peculiar to the thin-film system and do not occur in bulk,
424 whereas KHSO,-catalyzed dehydration is accelerated by an
425 apparent factor of about 10.5 with respect to the same reaction
426 in solution.

—_

—
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