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Abstract

Isosorbide is a biodegradable bicyclic diol widely used for biopolymers, surfactants, plasticizers, solvents and
pharmaceuticals production, which is obtained by dehydration of sorbitol. In this investigation the double
cyclodehydration of D-sorbitol to isosorbide on Amberlyst 15 and KU-2-8 sulfonic acid resins at 120-140 °C in the
batch reactor under vacuum (150-170 mbar) without solvent was studied. It was found that the studied catalysts
provide 78-88 % isosorbide yield with a complete conversion of sorbitol at 140 °C for 3 h. More stable Amberlyst 15
produces 10 g of isosorbide per 1 g of catalyst for 3 h at 130 °C. After 5 experiments for 3 h at 125 °C acid site
concentration on Amberlyst 15 surface reduced by only 4 %, sorbitol conversion and yield of products remain almost
unchanged. KU-2-8 shows high initial catalytic activity, but after only one run this resin loses 40 % of sulfonic groups.
Keywords: biomass; heterogeneous catalysis; isosorbide; polymers; sorbitol dehydration.

AETIAPUTALIA COPBITOJIY 40 I3O0COPBIAY BE3 PO3YUHHUKA HA
CYJIb®OKATIOHITAX

Onena . InpmnHa, Aptyp M. Munin, Bonogumup B. Bpei
IHcmumym cop6yii ma npobaem endoekonozii HAH Ykpainu, gya. enepasa Haymosa, 13; Kuie 03164, Ykpaina

AHoTarnjiqa

JocnigpkeHo noaBiiiHy nukioaerigparaniio D-cop6ity ao i3ocop6iay Ha cysibdokarioHitax Amberlyst 15 Ta KY-2-8
npu 120-140 °C y peakTopi nepioguynoi aii mig Bakyymom (150-170 m6ap) 6e3 po3uMHHHUKA. BctaHOB/IEHO, IO
AOCJIipKyBaHi KaTajli3aTopu 3a6e3neuyoTh 78-88 % Buxij, izocop6iay 3 noBHOI0O KOHBepci€w cop6ity npu 140 °C 3a
3 roa. Binbm cra6isbauii Amberlyst 15 npoaykye 10 r i3ocop6igy Ha 1 r kaTaaizaTopa 3a 3 roa npu 130 °C. Ilicaa 5
eKcrepuMeHTIiB mpoTtsarom 3roA npu 125°C KoHIEeHTpalis KHCJAOTHHX IeHTpPiB Ha moBepxHi Amberlyst 15
3HWKYEThCA JMie Ha 4 %, KOHBepciA cop6iTy Ta BUXiJ NPOAYKTIB 3a/JMIIAIOThCA Mailke He3MiHHMMHU. KY-2-8
3a6e3ne4yye BUCOKY MOYaTKOBY KaTaJiTUYHY aKTUBHICTBh, ajie JIMIIe Mic/Is OAHOr0 IUKIIY LA cMoJa BTpavyae 40 %
cyabgorpym.

Kniouosi cnosa: 6iomaca; reTepOreHHHIA KaTali3; i30cop0i; moaimMepH; Aeriaparailis copoiTy.

JAETUAPUTALNA COPBUTOJIA 10 U30COPBU/IA BE3 PACTBOPUTEJIA HA
CYJIb®OKATHOHHUTAX

Enena U. UnbmnHa, Aptyp H. MbLing, Bnagumup B. Bpei

Hucmumym cop6yuu u npo6saem sHdoakonozuu HAH Ykpaunsl, ya. l'enepana Haymosa, 13; Kuee 03164, YkpauHa

AHHoOTalus

HccnepoBaHa ABoiiHasa nukiaojeruaparanusa D-cop6uta Ao u3ocop6uaa Ha cyabpokatuoHutax Amberlyst 15 u
KY-2-8 npu 120-140 °C B peakTope NepruoAu4eCcKoro JeiucTeus noj Bakyymom (150-170 m6ap) 6e3 pacTBOpHUTEIS.
YcTaHOBJIEHO, YTO HCCIeAyeMble KaTaJau3aTophl 06ecnedYuBanT 78-88 % BBIX0A M30COPOHAA C OJTHOM KOHBepCcHen
cop6uTta npu 140 °C 3a 3 yaca. bosiee cta6ubHbIi Amberlyst 15 npoaynupyet 10 r u3ocop6uaa Ha 1 r katasimsaTopa
3a 3 yaca npu 130 °C. Ilocse 5 3kcnepuMeHTOB B TeyeHUue 3 4 npu 125 °C KOHLeHTpPal s KUCJIOTHBIX HEHTPOB Ha
nosepxHoctd Amberlyst 15 cHmkaeTcss Ha 4 %, KOHBepcHA COpPOUTA M BBIXOJ, MPOAYKTOB OCTAIOTCA MOYTH
HeusMeHHbIMU. KY-2-8 o6ecneuynBaeT BBICOKYI0O HA4a/IbHYI0 KAaTa/IMTUYECKYI0 aKTUBHOCTb, HO OCJIEe OJHOI0 IIMKJa
aTa cMoJia Tepsiet 40 % cyabsdorpynmn.

Kniouesvie cnosa: 6HOMacca; FeTepOI‘eHHHﬁ KaTaJiu3, I/ISOCOp6I/II(; TMOJUMEPLI; AeTUApaTalnus C0p6I/ITa.
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Introduction

The production of commodity chemicals from
renewable sources is significant task for
sustainable development. In 2004, the U.S.
Department of Energy has defined sorbitol as one
of the top-ten chemicals and identified the
challenge of solid catalysts selection for sorbitol
dehydration to isosorbide (1,4:3,6-dianhydro-
Dglucitol) [1-2]. According to the 2020 report by
IMARC Group [3] the global sorbitol market
reached a volume of 2.56 million metric tons in
2019.

Isosorbide is a double cyclodehydration
product of D-sorbitol obtained via the
hydrogenation of glucose derived from the
hydrolysis of starch or to a lesser extent from the
cellulosic biomass. Isosorbide derivatives are used
as monomer for biopolymers, surfactants,
plasticizers, solvents, pharmaceuticals [4-6]. One
of its derivatives is isosorbide-based
polycarbonate that is a non-toxic alternative to
bisphenol A (BPA) [4; 7-10]. According to Expert
Market Research [9], the global isosorbide market
size attained a value of about 430.6 million USD
and a volume of 77 kilo tons in 2020. The main
products derived from isosorbide are PEIT
(polyethylene  co-isosorbide  terephthalate),
polycarbonate, polyurethane, polyester
polyisosorbide succinate and isosorbide diesters.
Resins and polymers derived from isosorbide
accounted for over 60 % of the total isosorbide
market demand in 2019 [10].

In an industry the conversion of sorbitol to
isosorbide is usually provided in the presence of
sulfuric acid at 130-135 °C in batch reactor during
several hours, at that isosorbide yield reaches of
70 % [11-12]. In 1986, Fléeche and Huchette [13]
reported that molten sorbitol without any solvent
was dehydrated 5 times faster at 135 °C using

sulfuric acid as catalyst when water is
continuously removed from the reaction zone. In
this way, isosorbide yield reached 76 % “without
water” in vacuum, in contrast to 11.5 % isosorbide
yield “with water” for 3 h. Solid catalysts, such as
sulfated oxides [11; 14-17], metal phosphates
[18], zeolites [19-22], carbon-based acid catalyst
[23-24], phosphotungstic acid catalysts [25] and
some sulfonic acid resins [26-31] have already
been investigated. Of particular interest are
commercially available and inexpensive sulfonic
acid resins as relatively stable solid acids.
According to previous studies, the best isosorbide
yield was about 83 % at 130 °C and 20 mol% of
catalyst [29].

The objective of the present work is testing of
commercially available sulfonic acid resins as
solid catalysts for synthesis of isosorbide by
dehydration of sorbitol. In this communication the
data on sorbitol dehydration in molten phase
under vacuum at moderate temperatures (120-
140 oC) are presented.

Results and Discussion

Amberlyst 15 and KU-2-8 are sulfonated resins
based on polystyrene crosslinked with
divinylbenzene. The textural and acidity
properties of these resins are summarized in
Table 1. It is noteworthy that KU-2-8 contains
about 50 % water and after drying (90 °C, 1 h) it
loses half of its mass. Decrease in particle size and
increase in bulk density are observed (Table 1).
Furthermore, the number of acid sites available to
reagents is significantly reduced from 5.2 mmol/g
for wet sample to 3.1 mmol/g for dry sample
(Table 1). For Amberlyst 15, in turn, the number of
acid sites hardly changes after drying.

Table 1

The textural and acidity properties of Amberlyst 15 and KU-2-8

Catalyst BET Surface  Total Pore Average Pore  Bulk density, [HB],
Area, Volume, Diameter, g/cm3 mmol/g
m2/g cm3/g nm
Amberlyst 15 (wet) - - - 0.57 4.7
Amberlyst 15 (dry)l 53 0.40 30 0.56 4.7
KU-2-8 (wet) - - - 0.73 5.2
KU-2-8 (dry)lal 15 2.8 - 0.84 3.1
[a] After drying at 90 °C for 1 h.
The sorbitol dehydration reaction on and sorbitol were identified in the reaction

Amberlyst 15 and KU-2-8 was carried out under
solvent-free conditions using a vacuum (150-
170 mbar) for 2-4 h at 120-140 °C. The results are
summarized in Table 2. According to the 13C NMR
spectra, isosorbide (1,4:3,6-dianhydro-D-
glucitol), 1,4-sorbitan, 2,5-mannitan, 2,5-iditan

products (Table 2, Figure 1). The structures of
identified products are shown in Scheme 1.

As known [32-34], the sorbitol dehydration to
isosorbide occurs in two steps through the
formation of 1,4-sorbitan and 3,6-sorbitan which
on the second dehydration step turn into
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isosorbide (Scheme 1). According to Dussenne
and co-authors [33] isosorbide yield in the two-
stage sorbitol dehydration process could be
commonly lower than 75 %.

As mentioned above, wet KU-2-8 has a greater
content of acid sites than dry form (Table 1). It

(0] O

explains the higher sorbitol conversion and yield
of products on wet KU-2-8 than on dry KU-2-8.
Thus, a higher isosorbide yield by 22 % is
observed on wet KU-2-8 (Table 2). Therefore, we
studied sorbitol dehydration on wet KU-2-8.
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Scheme 1. Possible reaction pathways for sorbitol dehydration

Table 2

Product composition of sorbitol dehydration by Amberlyst 15 and KU-2-8[2]

Catalyst Reaction Reaction Conversion, mol Yield of products, Yield of by-products, mol%
time, temperature, mol%![b]
H oC IS SN MN IN Others

3 120 93 36 38 3 7 7
3 125 96 51 33 3 7 2
3 130 99 65 18 4 7 5
KU-2-8 3 135 >99 78 6 4 7 5
3 140 >99 88 <1 4 6 2
4 125 96 55 25 2 8 6
5 125 97 58 23 4 8 4
KU-2-8Icl 3 130 96 43 34 5 10 2
3 120 84 31 40 2 8 3
3 125 94 47 28 3 9 7
3 130 98 63 18 3 8 6
Amberlyst 15 3 135 >99 74 8 3 7 8
3 140 >99 78 4 4 8 6
4 125 98 55 23 3 8 9
5 125 >99 65 16 3 8 8

[a] Experimental conditions: 20 g sorbitol, 1.5 g Amberlyst 15 or 2.6 g wet KU-2-8, 170 mbar. [b] IS - isosorbide; SN - 1,4-
sorbitan; MN - 2,5-mannitan; IN - 2,5-iditan. [c] 1.5 g of dry KU-2-8

Isosorbide is formed with 31-51 % yield at
84-96 % sorbitol conversion on the studied
sulfonated resins at moderate temperature
(120-125°C) (Table 2). The higher isosorbide
yield is observed on KU-2-8 in comparison with
Amberlyst 15 which is explained by the higher
concentration of acid sites on the KU-2-8 surface
(Table 1). On both catalysts sorbitol conversion

and total yield of two target products - isosorbide
and 1,4-sorbitan, increases with temperature rise.
KU-2-8 provides isosorbide yield of 88 % with
>99 9% sorbitol conversion and complete
conversion of intermediate 1,4-sorbitan at 140 °C
for 3h (Figure 2). Under the same conditions,
Amberlyst 15 provides 78 % yield of isosorbide
with the formation of 4 % 1,4-sorbitan at >99 %
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sorbitol conversion (57 mmolis/gc.c for 3 h). Thus,
the isosorbide yield increases by 47 % (from 31 to
78 %) when temperature rises from 120 to 140 °C
(Figure 2).

Itis generally accepted that thermal stability of
the sulfonated resins is limited by their tendency
to lose sulfonic acid groups. For Amberlyst 15 and
KU-2-8 maximum operating temperature,
declared by the manufacturers, is 120 °C. Siril and
co-authors [35] investigated the thermal stability

@) 2 34

1
A Ay

R W

of Amberlyst 15 and noted that acid site
concentrations on its surface following
hydrothermal treatment for 6h at 180°C in
pressure vessel loses only 16 % of acid sites. Also,
there are articles [26-27; 29-31] and patent [36]
reporting that the Amberlyst15 and similar
polystyrene/divinylbenzene resins remains active
in sorbitol dehydration reaction at temperatures
above 120 oC.
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Figure 1. 13C NMR spectra of the sorbitol dehydration products at 140 °C (a) and 120 °C (b) (KU-2-8, 3 h)

Our results confirm that Amberlyst 15 and
KU-2-8 keep activity in sorbitol dehydration at
120-140 °C (Table 2, Figure 2). But it should be
noted, that distilled off water formed during

studied reaction had pH 4-2. It means that
100 | -—" = Amberlyst 15
@l/ 3 hour
=] )
% 80 - 'y
£ o
- e
2 g0k o —*— C sorbitol
>
g *— Y isosorbide
.g a0l g Y 1,4-sorbitan
% . —¥—Y 2 5.mannitan
© ‘\ —*— Y 25-ditan
20 + A\
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4 Y —v7—%
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Amberlyst 15 and KU-2-8 lose some the sulfonic
acid groups at temperatures above 120 °C. The
following experiments to evaluate stability of

studied resins carried out a moderate
temperature 125 °C.
100 F (b)  a——n ] KU-2-8
-—" 3 hour
{ ]
280} ./
[e]
E /
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Figure 2. Effect of temperature on sorbitol conversion, yield of products and by-products on Amberlyst 15 (a),
and KU-2-8 (b) (20 g sorbitol, 1.5 g Amberlyst 15 or 2.6 g wet KU-2-8, 170 mbar, reaction time 3 h
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With extending the reaction time from 3 to 5 h
almost full sorbitol conversion is attained and

isosorbide yield increases by 18% on
Amberlyst 15 then as the isosorbide and
1,4-sorbitan yields are 65% and 16%

respectively (Table 2). For KU-2-8 after 5 h, only a
slight isosorbide yield increases by 7 % is
observed. According to Amberlyst15 reuse
experiments results (Figure 3), after 5 times for
3 h the acid sites concentration has been reduced
by only 4% from 4.7 mmol/g (Tablel1) to
4.5 mmol/g. Conversion of sorbitol and yield of
isosorbide remain on the level of 93 % and 46 %
respectively that indicates on stability of
Amberlyst 15 under these conditions. KU-2-8
loses the sulfonic groups more easily, and their
concentration after only one experiment at 125 °C
for 3 h decreases significantly from 5.2 mmol/g to
3.2 mmol/g. Therefore, we did not reuse KU-2-8 in
sorbitol dehydration reaction.

Il Conversion of sorbitol, mol%

I Vield of isosorbide, mol%
100 - i . i o

[ ]vield of 1.4-sorbitan, mol%

80
60-
404

201

Fresh 2 3 4 5
Number of cycle

Figure 3. Reuse experiments of Amberlyst 15 in
sorbitol dehydration at 125 °C for 3 h

Experimental Section

KU-2-8 (OSTCHEM) and Amberlyst 15 (Dow
Chemical Company) sulfonic acid resins were
tested as acid catalysts. Total number of acid sites
on their surfaces was determined by reverse
titration [37] using n-butylamine solution in
cyclohexane with bromthymol blue as an indicator
by the following procedure. 10 mL of 0.05M
solution of n-butylamine in purified and dried
cyclohexane was added to 100 mg of a sample.
After stirring for 30 min the solution was titrated
with 0.05 M HCI to determine the amine content in
the solution after absorption. The sorbitol
dehydration experiments were carried out with
no solvent in a 100 mL round-bottom flask.
Sorbitol (20 g) was added in a flask, followed by an
increase in temperature to 110 °C under stirring
(350 r.p.m.) for complete melting of sorbitol.
Then, the 1.5g (in terms of dry weight) of a

catalyst was added and the reactor was heated to
the reaction temperature on an oil bath pot and
the vacuum (150-170 mbar) was applied. This
point was considered as the initial reaction time.
The dehydration reaction was carried out in the
temperature range of 120 °C to 140 °C. The water
that formed during the reaction was distilled off
and its pH was measured. Each experiment was
repeated at least twice. After the reaction, 8 mL of
water was added to the mixture at room
temperature. The reaction products in aqueous
phase was analyzed by 13C NMR spectroscopy
(Bruker Avance 400 operating at 100 MHz at
ambient temperature) using a database of organic
compounds SpectraBase (from John Wiley & Sons,
Inc; https://spectrabase.com/). A test solution
was placed in a 5-mm NMR tube. The 13C NMR data
were obtained over 256 scans with a 30° flip angle
(90° = 12 ps), an acquisition time of 1.3s, a
relaxation delay of 4 s and 32 k data points. Pre-
recorded calibration of 3CNMR spectra of
mixtures of sorbitol : isosorbide with molar ratios
in1:1and1:9 was performed. For quantitative
measurements, baselines were corrected and
integrals adjusted for bias and slope where
appropriate. Chemical shifts are reported relative
to CH3OH and converted to O6(TMS) using
6(CH30H) = 50.05ppm. The structures of
identified products (e.g., 1,4-sorbitan, isosorbide,
2,5-mannitan, and 2,5-iditan) are shown in
Scheme 1.

13C NMR (100 MHz, D0, 20 °C, TMS):
Isosorbide - 6 =90.21 (CH, C3), 84.29 (CH, C4),
78.33 (CH, C2), 77.96 (CH, C1), 74.64 (CH, C5),
73.96 ppm (CHy, C6);
1,4-sorbitan - § = 82.62 (CH, C4), 79.11 (CH, C2),
78.64 (CH, C3), 76.18 (CH, C1), 71.77 (CH, C5),
66.5 ppm (CHy, C6);
2,5-mannitan - §=83.3 (CH, C2 and C5), 77.4
(CHy, C3 and C4), 62.15 ppm (CHz, C1 and C6);
2,5-iditan - 6 = 81.25 (CH, C2 and C5), 77.47 (CHa,
C3 and C4), 60.91 ppm (CHz, C1 and C6);
sorbitol - 6 =73.98 (CHz, C2), 72.32 (CH, C4),
72.22 (CHy, C5), 70.75 (CHz, C3), 63.93 (CH3, C6),
63.58 ppm (CH3, C1).

The conversion values of sorbitol (C, mol%)
and yield of products (Y, mol%) were calculated
from 13C NMR spectra by the formulas:

Csorbitor = (moles of sorbitol conversed / moles o
finitial sorbitol) * 100 %

Yi= (moles of product defined / moles of initial
sorbitol) * 100 %

After each reaction cycle, the collected catalysts
were sufficiently washed with distilled water and
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then isopropyl or ethyl alcohol to remove
compounds formed on the catalyst surface. Then
the catalysts were dried at 65°C for 2h and
reused.

Conclusion
In conclusion, both studied sulfonic acid resin

catalysts provide 50-88 % yield of isosorbide in
the sorbitol dehydration reaction in molten phase
“without water” at 125-140°C under vacuum.
According to the 13C NMR spectra, isosorbide,
1,4-sorbitan, 2,5-mannitan, 2,5-iditan and sorbitol
were identified in the reaction products. More

stable

Amberlyst 15 provides 35 mmol of

isosorbide for 3h per 1g of catalyst with full
sorbitol conversion and remains active for 5 runs
at moderate temperature 125 °C.
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