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ABSTRACT: Continuous-flow sorbitol dehydration in liquid
water was performed on f zeolite (Si/Al molar ratio = 75) with
conversion of 94 and 83 mol % isosorbide yield. This efficiency is
due to the three-dimension pore architecture, high specific surface
area (520 m* g™'), and Broensted acid sites of 69 ymol g~'. The
pore size of 3 zeolite (6.6 X 6.7 A?) is slightly larger than the cross
section of sorbitol and isosorbide and enables an efficient diffusion
of the reactant and product to/from the pores. Operation in
continuous flow allows rapid dehydration of sorbitol to 1,4-
sorbitan, after which the latter got converted to isosorbide. The
high yield of isosorbide is attributed to the continuous removal of
the formed products from the catalyst surface. Finally, direct isosorbide production from aqueous glucose solution via hydrogenation
on Ni catalyst supported on nitrogen-doped carbon, followed by dehydration of the formed sorbitol to isosorbide, was pioneered.
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B INTRODUCTION are widely employed, especially as vasodilators in cardiologic
disease treatments.””*> Industrially, isosorbide is produced
with a yield of 77 mol % by homogeneous dehydration of
sorbitol by H,SO, at 403 K.**™** In general, this process offers
high isosorbide yield, but it is neither economically efficient
nor sustainable due to the intrinsic drawbacks of using
homogeneous catalysts.””*" Aiming at heterogeneous alter-
natives, several solid acid catalysts, i.e., zeolites, mixed oxides,
and resins, have been proposed for isosorbide production from
sorbitol.">*'~>* These trials used a molten bulk phase in small
quantities (the solid phase consists of sorbitol and catalyst),
i.e., they cannot be largely scaled.”*° Of these catalysts, zeolite
was found to be the optimum choice for dehydration of
sorbitol to isosorbide, and B zeolite showed the highest
catalytic performance (isosorbide yield ~80 mol %), as it
possesses suitable textural properties, i.e, a pore size
distribution of 5—7 A and acid-side density above 300 ymol
g™1.>7%® Also, catalyst-free sorbitol dehydration to isosorbide in
compressed water (590 K) under 10 MPa of CO, was
reported, with a yield of isosorbide of 57%.”” Uniquely, the
Sels group showed that isosorbide (>60 mol %) can be
straightforwardly produced from cellulose using two different

Lignocellulosic biomass is presumably one of the most
important renewable sources on which the transition toward
more sustainable chemical production could be based.'””
Sugars form about 70—80% of lignocellulosic biomass, which
can be further valorized to biobased chemicals for polymers,
pharmaceuticals, cosmetics, and food industries.*™” Among
these biobased chemicals, glucose is an illustrative case and can
be selectively converted to sorbitol (9000 t year ') via catalytic
reduction.'”™"> Sorbitol is one of the top “12” promising
building blocks according to the United State Department of
Energy (DOE)"® because it is directly used but also can be
further converted to high-value biobased building blocks, e.g.,
isosorbide and 1,4-sorbitan."*™"” Our current focus molecule,
isosorbide, possesses its importance from its exponentially
growing market (expected to be US $324.6 million at the end
of 2020),"® as well as it is involved in the synthesis of a wide
range of green and sustainable final products such as polymers,
cosmetics, pharmaceuticals, and solvents."” ™" For instance,
POLYSORB,”® DURABIO,” and PLANEXT"’ are commer-
cialized isosorbide-based polycarbonates with improved
properties with respect to both poly(methyl methacrylate)
and bisphenol-A polycarbonate.”’ As packaging for hot

beverages, isosorbide can be polycondensed into poly(ethylene Received: November 8, 2020 §ﬁs§fﬂﬁam§
terephthalate) (PET) or polyesters of furan dicarboxylic Revised:  December 15, 2020 Bl |
acid.”"** In addition, it is used for the synthesis of dimethyl Published: December 31, 2020 ;
isosorbide, an alternative green solvent used also in cosmetics v
due to its low toxicity and high boiling point (509 K)."”* In :

medicine, isosorbide and its derivatives (mono and dinitrate)
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Scheme 1. Presented Synthesis of Isosorbide by Hydrogenation of Glucose to Sorbitol over 35Ni/NDC, Followed by Sorbitol
Dehydration to 1,4-Sorbitan and Finally to Isosorbide over f Zeolite
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catalysts (heteropoly acids for the dehydration reactions and
Ru on carbon for the hydrogenation reaction) at 503 K and
under 5 MPa of H,.®” Similarly, the direct complete conversion
of aqueous glucose solution to isosorbide (yield = 79 mol %)
was reported using Ru/Dowex at 463 K after 24 h in a batch
system.

Seeking for more sustainable, efficient, and economically
competitive green processes, the use of heterogeneous catalysts
in continuous-flow systems presents advantages over batch
counterparts, such as minimization of downstream costs,
higher thermal efficiency, and less hazardous nature.®' ™%’
Moreover, flow regimes allow novel chemical transformations
not achievable in batch.°®® To date, isosorbide synthesis in
flow systems has been regorted using only water steam, ie.,
gas-phase reactions.””**~"" The group of Huang tested various
solid acids such as sulfated copper oxide,”” metal phosphate,*®
supported tungstophosphoric acid,”’ and modified tantalum
oxide by phosphoric acid in the gas-phase dehydration of
sorbitol to isosorbide.”” The highest isosorbide yield using
these solid acids in the gas-phase reaction was 68 mol % at 473
K.*” However, all of these above-mentioned approaches rely
on the usage of the gas-phase reaction using N, as a carrier and
inert gas. Also, Xi et al.”' reported a sequential process for
isosorbide production from cellulose, composed by cellulose
depolymerization/hydrogenation toward sorbitol using Ru/
NbOPO,-pH, in the batch system. In a separated second step,
steam of the formed sorbitol was flown over NbOPO,-pH, for
isosorbide production, with an isosorbide yield of 57 mol %.”'
When compared to water in the liquid phase, the use of vapor-
phase reaction presents additional costs such as the gas supply
and gas—liquid separation. In these terms, we found
surprisingly that isosorbide synthesis from sorbitol in the
liquid aqueous phase has not been reported yet.

Given the importance of such a sustainable synthesis of
isosorbide from sorbitol, we developed an efficient prototype-
scale production of isosorbide from sorbitol at 503 K using
zeolite in liquid water (Scheme 1). Furthermore, we also report
on the integrated process to isosorbide starting from aqueous
liquid glucose solution in dual tubular reactors. This process
includes first-step aqueous-phase glucose hydrogenation to
sorbitol over Ni catalyst-supported nitrogen-doped carbon
(NDC) aiming to replace Raney nickel, followed by
dehydration of the formed sorbitol to 1,4-sorbitan and
subsequently to isosorbide over f zeolite (Scheme 1), all
without cleaning or isolating any of the intermediates.

B EXPERIMENTAL SECTION

Materials. H-form $(12.5) in the powder form and H-form 3(75)
in the pellet form were supplied by Clariant, whereas H-form £(150)
in the powder form was obtained from Zeolyst. All § zeolites that have
been used in this manuscript are coded as follows: f(Si/Al molar
ratio). p-Sorbitol (99%), isosorbide (98%), and hydrochloric acid (1.0
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M) were purchased from Merck. 1,2,6-Hexanetriol (96%), dianhydro-
p-glucitol, sulfuric acid (95—97%), p-glucose anhydrous (>99.5%),
and L-iditol (>98%) were obtained from Sigma-Aldrich. 1,4-Sorbitan
(98%), 2,5-mannitan (98%), and 2,S-anhydro-p-gluctiol (98%) were
purchased from BIOZOL Diagnostica Vertrieb GmbH. 1,5-Anhydro-
p-sorbitol (97%) has been supplied by Acros Organics. Commercial
semolina (type durum wheat) was purchased from Divella. Urea and
nickel nitrate hexahydrate (>99%) were supplied from Carl Roth.
Zinc oxide nanoparticles (d = 20 nm) were provided by Nano-
structured and Amorphous Inc. The H, (99.999%) and forming gas
(95/5 TSO MFI) cylinders were purchased from Westfalen AG.

Catalyst Preparation. All zeolites were used without any further
chemical modification. Prior to the reaction, the zeolites in powder
form were pressed up to 10 t using a hydraulic press (CARVER
3851CE). Afterward, the zeolite has been crushed and sieved in the
range 250—500 um to ensure a homogeneous flow of the reactant
through the catalyst bed during the experiment, as well as to avoid the
pressure drop and clogging of the system. The 35 wt % Ni deposited
on nitrogen-doped carbon (35Ni/NDC) has been synthesized
following the “kitchen lab” synthesis previously reported by our
group without any change in the procedure.’

Catalyst Characterization. The fresh catalysts were characterized
using inductively coupled plasma optical emission spectroscopy (ICP-
OES), N, physisorption, powder X-ray diffraction (XRD), scanning
electron microscopy (SEM), and pyridine adsorption followed by
infrared spectroscopy (Pyr-IR). The spent catalysts were characterized
by thermogravimetric analysis (TGA), N, sorption, and XRD. A
detailed description of the applied characterization procedures is
reported in the Supporting Information (SI).

Continuous-Flow Setup. The sorbitol dehydration to isosorbide
experiments was conducted in a homemade continuous-flow fixed bed
reactor in an aqueous liquid phase, similar to our previously described
system (Figure S1 in the SI).”> This system consists of a (A) high-
performance liquid chromatography (HPLC) pump equipped with a
pressure sensor (Knauer Azura P 4.1S series), (B) a two-side-opened
heating unit equipped with a heat controller (model # 4848 from the
Parr Instrument Company), and (C) a sampling unit equipped with
proportional relief valves as a pressure regulator (Swagelok SS-
RL4MS8FS8-EP), cf. Figures S1—S3 in the SI. To ensure efficient
heating, an aluminum cylinder with three holes has been placed inside
the heating unit from Parr Instrument Company, i.e., a preheating unit
for the reactant before it comes in contact with the catalyst, a hole for
the thermocouple (model # A472ES Parr Instrument Company), and
a hole for the reactor (Figure S2 in the SI). The main investigations
have been made using a stainless steel tubular reactor (inner diameter
= 4.6 mm, outer diameter = 6.5 mm, length = 250 mm), while the
scale-up experiment, as well as the integrated process for isosorbide
production from glucose, has been conducted with a bigger stainless
steel reactor (inner diameter = 21 mm, outer diameter = 25 mm,
length = 280 mm), viz., in Figure S3 in the SL

To conduct the integrated process for isosorbide production from
glucose, two fixed bed reactors have been coupled by combining the
previous setup with a hydrogenation setup, similar to the one
previously reported by our group.'' From the above-described setup,
the HPLC pump (A) has been connected to a (B) mass-flow
controller for H, (Brooks Instruments, model SLAS8S0SC1AF1-
B2A1) through a (C) “T” union for H,-reactant mixing (Swagelok SS-
400-30) before reaching the preheating unit and then to (D1 and D2)

https://dx.doi.org/10.1021/acssuschemeng.0c08167
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the coupled two double two-side-opened heating units equipped with
independent heat control and (E) a sampling unit (Figure S4 in the
SI).

Catalytic Experiments. In a typical experiment of isosorbide
production from sorbitol, an aqueous solution of sorbitol (cypicol =
0.05 M) was fed with the HPLC pump at 0.3 cm® min™' and
introduced into the preheating unit to the fixed bed reactor consisting
of 2.5 g of zeolite fixed between two layers of quartz wool (30 g of
P(75) was used for the experiment in prototype tubular reactor scale).
The temperature and pressure were kept constant at room conditions
(298 K and atmospheric pressure) for 15 min. Afterward, the system
was pressurized to 4.0 MPa to ensure that the presence of the reactant
solution in the liquid phase, and the temperature was increased to 503
K. Samples (2.0 cm®) were collected once the steady state was
reached, after ca. 30 min (1.5 h on prototype scale).

In the case of the integrated process, an aqueous solution of
glucose (cglucose = 0.05 M) was fed with the HPLC pump at 0.7 cm®
min~"' and mixed with an excess of H, (25 cm® min™" at a pressure of
4.0 MPa) and introduced into the two consecutive tubular reactors
(Figure S4 in the SI), the first one set to a temperature of 423 K and
the second at a temperature of 503 K. In this experiment, catalyst
masses of 10 g of 35Ni/NDC (the first tubular reactor for
hydrogenation of glucose to sorbitol) and 30 g of f(75) at the
second tubular reactor (for dehydration of the formed sorbitol from
the first reaction to isosorbide) were used. Similar to the above-
mentioned investigation (dehydration of sorbitol to isosorbide), the
system was kept at room conditions for 15 min and then set to the
targeted pressure and temperatures. Samples were collected once both
systems reached the steady state, ie., after ca. 3 h. Qualitative and
quantitative analyses of the reactants and products were performed
using HPLC/MS and HPLC, respectively. The HPLC chromato-
grams used for quantification, which have been recorded using a
refractive index detector (RID), are shown in Figure SS in the SL
Detailed information about the reactant and product quantification, as
well as the calculation of the turnover frequency (TOF), can be found
in the SL

The batch experiment was conducted in a stainless steel autoclave
equipped with PTFE liners from Berghof (model BR-100). The batch
catalytic experiments were performed at 503 K using 30 cm® of
aqueous solution of sorbitol (¢ = 0.05 M) with 1.0 g of B(75)
and 800 min ™! as the stirring speed with an autogenous pressure for 3
h. Prior to increasing the temperature to 503 K, the air was purged out
using 1.0 MPa of N, three times. The analysis of the reaction products
followed the same protocol for the continuous-flow system.

B RESULTS AND DISCUSSION

Catalyst Characterization. The textural properties of all
of the used f zeolites, i.e., $(12.5), #(75), and (150), were
characterized via N,-sorption, XRD, SEM, and Pyr-IR. The
specific surface area (Agpr), the pore volume (V,), and the
average pore diameter (D,) were deduced from N, sorption, cf.
Table S1 in the SI (75) and $(150) exhibited higher specific
surface areas of 520 and 451 m* ¢! with respect to (12.5),
ie, 111 m* g~'. A similar trend was found for specific pore
volume, whereas the average pore diameter (DP) was in the
mesopore range (DP ~ 5 nm) for all used f3 zeolites, see Table
S1 in the SI. Moreover, the XRD patterns of fresh 8 zeolites
used in this work exhibited the typical reflection of zeolites
(Figure S6 in the SI). Similarly, the SEM images showed
typical zeolite morphology, cf, Figure S7 in the SL

The Bronsted (BAS) and Lewis acid site (LAS) densities of
the fresh f zeolites have been quantified using Pyr-IR at
different temperatures, i.e.,, 423, 523, and 623 K, cf. Table S2 in
the SI. At all measured temperatures, the amount of total acid
sites decreases with an increase of the Si/Al molar ratio of the
zeolites. At a temperature of 523 K (the closest temperature to
the reaction temperature, cf. next section at the catalytic
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results), the total acid site densities (BAS and LAS) were 393,
83, and 54 umol g' for B(12.5), B(75), and p(150),
respectively. As expected, by increasing the Si/Al molar ratio,
ie, f(12,5), f(75), and B(150), the BAS has been found to be
decreased in all utilized f zeolites at 523 K. 5(75) showed a
BAS of 69 umol g~" and a LAS of 14 umol g~" at 523 K, while
B(150) possesses a lower BAS of S0 ymol g~' and a LAS of 4
umol g~' at 523 K, with respect to those of $(12.5) and
B(150). To investigate the strength of these acidic sites, Pyr-IR
measurements were performed at 423, 523, and 623 K. In all
cases, increasing the measurement temperatures is combined
with a decrease in BAS or LAS density (Table S2 in the SI). It
is worth mentioning that LAS significantly decreased at §(75)
and $(150) by increasing the temperature of Pyr-IR measure-
ments to 10 and 3 umol g~', respectively. This indicated that
BAS was found to be the strong and stable acid sites in these
zeolites at elevated measurement temperatures, which show
that BAS are the responsible sites of the activity of  zeolites in
the dehydration of sorbitol to isosorbide at 503 K.

In addition, the silanol group amount in all three f zeolites
has been deduced from the Fourier transform infrared (FT-IR)
measurements. It has been found that silanol groups are
directly dependent on the Si/Al molar ratio and amounted to
591, 1289, and 2542 umol g~* for #(12.5), A(75), and (150),
respectively.

The 35 wt % Ni on nitrogen-doped carbon (35Ni/NDC) as
a catalyst for the hydrogenation of glucose to sorbitol in the
integrated process in this work was exactly the same catalyst
used in our previous work."" This catalyst (35Ni/NDC) was
intensively characterized in our previous work, and thus, we
refer to our previous work for the detailed characterization of
this catalyst. Furthermore, we have added the results of N,
physisorption and XRD to the SI of this work (Table S1 and
Figure S6 in the SI)."!

Sorbitol Dehydration to Isosorbide. Based on the
literature, f zeolite was selected as a catalyst for sorbitol
dehydration to isosorbide. f zeolite has a three-dimensional
pore architecture and offers suflicient specific surface area
(400—600 m* g™") and total acid site densities (200—600 ymol
g”') to perform efficiently the bimolecular dehydration of
sorbitol to isosorbide. In addition, it allows quick diffusion to/
from the pores since its pore size (6.6 X 6.7 A?) is larger than
the cross section of both sorbitol (5.7 X 5.9 A*) and isosorbide
(5.9 x 6.2 A*). As an attempt to maximize isosorbide yield
from an aqueous solution of sorbitol in a flow system, the
reaction temperature, acid site density of f zeolite, and catalyst
contact time were varied.

Initially, f# zeolite with a Si/Al molar ratio of 75 has been
selected to perform a temperature study, as it showed optimum
catalytic performance in the molten bulk phase.”” Therefore,
increasing the reaction temperature from 473 to 503 K was
found coupled with a gradual increase of sorbitol conversion
from 80 to 95 mol % and isosorbide yield from 38 to 83 mol %
(Figure 1). A lower reaction temperature resulted in the
formation of higher amounts of 1,4-sorbitan instead of
isosorbide due to an insufficient amount of energy to enable
the efficient performance of the second dehydration from 1,4-
sorbitan to isosorbide (Figure 1). The conversion of sorbitol
(95 mol %) remained constant throughout the further increase
of reaction temperature to 523 K. However, isosorbide yield
was found to decrease from 83 mol % at 503 K to 76 mol % at
513 K and subsequently to 68 mol % at 523 K without any
identified byproducts. This gradual decrease of isosorbide yield

https://dx.doi.org/10.1021/acssuschemeng.0c08167
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Figure 1. Conversion of sorbitol and the yield of isosorbide and 1,4-
sorbitan as a function of reaction temperature; reaction conditions:
Coomitol = 005 M; Quopution = 0.3 cm® min™%; T = 473, 483, 493, 503,
513, and 523 K; pyygem = 4.0 MPa; m = 2.5 g; and space time =
3.0 h kg mol™".

catalyst

at temperatures above 503 K is due to the formation of highly
condensed humic species (dark brown colored solution) that
also deposit on the catalyst. TGA analysis for the spent catalyst
showed a weight loss of around 3.0 wt %, reflecting this
deposition. This indicates that isosorbide is not stable at
temperatures higher than 503 K. Moreover, the blank
experiment with the absence of a catalyst at 503 K showed
no conversion of sorbitol, which is stable under these reaction
conditions. This indicates that the presence of a solid acid
catalyst is essential to enable the dehydration of sorbitol to
isosorbide. Furthermore, these findings indicate the degrada-
tion of the products as the major limitation for further
temperature increases. In these regards, the removal of
products from the hot reaction environment guaranteed by
continuous-flow systems can be beneficial for selectively
perform the dehydration of sorbitol to isosorbide; i.e, using
the continuous-flow system, sorbitol is converted selectivity to
1,4-sorbitan and isosorbide with no additional byproducts such
as the isomers of 1,4-sorbitan.

To gain more insight into the reaction kinetics, the apparent
activation energy (E,) for the first dehydration (sorbitol to 1,4-
sorbitan) and second dehydration (sorbitol to isosorbide)
reactions were calculated from the Arrhenius plot assuming
first-order kinetics (Figure S8 in the SI). The calculated values
are 5§ and 125 kJ mol™, respectively. These calculated E,
values are lower than the one reported in the literature for
sorbitol dehydration over heterogeneous catalysts in a molten-
phase batch system, ie., silicotungstic acid (140.3 kJ mol™ ),
sulfonated ZrO, (87 kJ mol™°%), and B zeolite (89 kJ
mol™").”” Our 55 kJ mol™ for sorbitol dehydration to 1,4-
sorbitan was comparable to the value calculated of f zeolite
with a Si/Al molar ratio of 19 and homogenous catalysts (73
and 48 kJ mol™ for H,SO,), respectively.””**”* In addition,
the calculated E, for 1,4-sorbitan dehydration to isosorbide is
comparable to the reported value for # zeolite with a Si/Al
molar ratio of 19 and silicotungstic acid (132.8 and 104.17 k]
mol™"), respectively.*””* All of these results indicated that the
second dehydration of 1,4-sorbitan to isosorbide is the rate-
determining step, while the reaction at the operation
conditions was not limited by transport phenomena.
Furthermore, the turnover frequency (TOF) for isosorbide
production was found to be 0.64 h™' at 503 K. These results
emphasize the advantages of operating this reaction in a
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continuous-flow system, which will improve the isosorbide
formation.

The effect of contact time was also investigated using 3(75)
and 503 K as reaction conditions. As expected, below 3.0 h kg
mol ™, the reaction turns incomplete and sorbitol conversion
decreased from 95 to 81 mol % (Figure 2), as well as
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Figure 2. Conversion of sorbitol and the yield of isosorbide and 1,4-

sorbitan as a function of space time; reaction conditions: ¢y, = 0.05

M; Quolution = 0.15, 0.3. 0.7, 1.0 cm® min™'; T = 503 K; pyjeem = 4.0

MPa; m = 2.5 g; and space time = 6.1, 3.0, 1.3, and 0.8 h kg

mol™*

catalyst

isosorbide yield decreased from 83 to 56 mol %. Insignificant
influence of space time above 3.0 h kg mol™" was found on all
of the sorbitol conversion and 1,4-sorbitan yields (Figure 2),
whereas isosorbide yield slightly decreases from 83 to 76 mol
%. This latter decrease attributed to the longer residence time,
which leads to isosorbide decomposition and consequent
humification. Accordingly, the use of a flow system allows fast
quenching of metastable products to afford high isosorbide
yield.

Aiming to fully understand the role of the acid sites in
isosorbide production from sorbitol, we investigated f zeolites
with different Si/Al molar ratios (12.5, 75, and 150) under the
optimum reaction conditions. The density and the nature of
the active acid sites over the different zeolites were determined
by pyridine adsorption and desorption at 523 K, followed by
infrared (IR) spectroscopy. The high wavenumber zone of the
spectra of the different zeolites after activation (prior to
pyridine adsorption) shows a different distribution of the
superficial sites (Figures S9 and S10 in the SI). Regardless of
the difference in the distribution of the superficial sites, all
zeolites showed a sorbitol conversion between 90 and 95 mol
9%; however, a difference in the isosorbide yields was observed
(Figure 3). B(75) with 69 umol g~' Brensted acid sites (BAS)
showed the maximal isosorbide yield (83 mol %), while
p(12.5) with 203 umol g~ BAS and (150) with SO ymol g~
BAS only gave isosorbide yields of ~50 mol % (Figures 3, S9,
and S10). Correspondingly, the 1,4-sorbitan yield was
minimized (12 mol %) using $(75). A low Si/Al molar ratio,
B(12.5), led to =fast dehydration of sorbitol to 1,4-sorbitan (41
mol %) but a slow follow-up reaction to isosorbide, leading to
the formation of an undesired monodehydration product (1,4-
sorbitan) with a yield of 49 mol %. This observation could be
explained by the fact that the removal of water molecules in
dehydration reactions in aqueous media is thermodynamically
favored by a catalyst with enhanced hydrophobicity, i.e., a high
Si/Al ratio.”””>”® Next to the number of acid sites, the nature
of the superficial sites offering acidity to the material plays an
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catalyst

important role in driving the selectivity of the reaction.”’
Indeed, the presence of terminal AI-OH (3780 cm™) in
significant proportions over f(12.5) may explain the poor
selectivity of the latter, as they were seen to have a certain
affinity to pyridine molecules (Figure $9).7%7% Over B(75),
Al—OH species are mainly present in the structure in the form
of framework Al-OH (3602 cm™"), which leads us to believe
in their role in the selective production of isosorbide. We
should note that excess in the framework Al-OH amount may
enhance the hydrophilic nature of the material and thus leads
to the formation of the undesired monodehydration product
(1,4-sorbitan).*” A further increase in Si/Al molar ratio from
75 to 150 is coupled with a reduction in the amount of BAS
together with an increase in the amount of silanol Si—OH
species. As a result, the use of #(150) lowers the isosorbide
yield from 83 to 52 mol %. These results are in strong
agreement with the finding of Kobayashi et al.”” for the melt-
phase synthesis in a batch system at 400 K. However, the
sorbitol conversion and isosorbide and 1,4-sorbitan yields were
found higher over the whole range of Si/Al ratio, which we
attribute to the higher temperature, i, 503 K, as well as the
absence of diffusion limitation due to the continuous-flow
system usage.

An experiment at low space time, of 0.8 h kg mol™" at 503 K,
was performed to ensure that isosorbide and 1,4-sorbitan are
the only reaction products by operating the reaction wherein
the sorbitol conversion was not at its maximum (<94 mol %),
of., Figure S11 in the SI. After 3.5 h of time on stream (TOS),
isosorbide and 1,4-sorbitan were the only detected products
with yields of 50 and 40 mol %, respectively. With the progress
of the reaction, the conversion of sorbitol and the yield of
isosorbide gradually decrease respectively to 60 and 10 mol %
after 12 h of TOS. At this TOS value, 1,4-sorbitan was the
dominant product (yield of around 40 mol %). This finding is
further evidence that the dehydration of sorbitol in the
continuous-flow system resulted in 1,4-sorbitan and isosorbide.
Also, it emphasizes that the dehydration of 1,4-sorbitan to
isosorbide is the rate-determining step. On the other hand, the
gradual drop of sorbitol conversion and isosorbide yield is
attributed to the hydrothermal instability of #(75) under these
harsh reaction conditions (Figures S6 and S11 in the SI). In
this term, the hydrothermal stability of the zeolite catalyst
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represents the central drawback of such catalysts for industrial
applications.

To investigate this process on a larger scale and analyze
process stability at a higher space time, (75) in the pellet
form, reaction conditions of 503 K and 14.8 h kg mol™’, and a
larger prototype setup were used (the experimental details are
shown in the SI). Under these reaction conditions and after
reaching the steady state, the conversion of sorbitol (94 mol
%) and the yield of isosorbide (83 mol %) were maximized, as
shown in Figure 4. Also, using this prototype tubular reactor,
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Figure 4. Conversion of sorbitol and the yield of isosorbide and 1,4-
sorbitan as a function of time on stream (TOS) using $(75); reaction
conditions: cempiol = 0.05 M, Qgotion = 0.7 cm® min™!, T = 503 K,

Psystem = 4.0 MPa, m . = 30 g, and space time = 14.8 h kg mol ™%,

an isosorbide TOF of 0.12 h™ was calculated. This process
was conducted for 50 h of TOS and the catalysts’ performance
appeared to be stable. These results clearly showed the
advantages of using a continuous-flow system for isosorbide
synthesis with respect to a batch system in which the catalyst
suffers from rapid deactivation, as continuous removal of the
products is absent. Postcharacterization of f(75) showed a
reduction in the specific surface area from 520 to 290 m* g~
combined with a decrease in crystallinity (Table S1 and Figure
S6 in the SI). SEM images of the fresh and spent catalysts
showed no differences (Figure S7 in the SI). The changes in
the textural properties are both due to the deposition of
carbonaceous species and the known instability of zeolites in
hot aqueous media (Figures S6, S7, S11, and S12 in the SI)
and are in good agreement with previous literature reports.*"**

For a comparison purpose and deep understanding of the
reaction pathway and product distribution, experiments in the
batch system were performed in the absence and presence of
p(75) at 503 K (Figure S). The blank experiment (without
catalyst) showed no conversion of sorbitol. This is in an
agreement with the one performed in a continuous-flow
system, as well as shows that the presence of a solid acid
catalyst is essential for this reaction. Interestingly, the presence
of $(75) led to 92 mol % conversion of sorbitol to 42 mol % of
1,4-sorbitan as a major product (Figure 5), as well as
isosorbide of 18 mol %, 2,5-mannitan of 10 mol %, and 1,5-
anhydro-p-sorbitol of 3 mol % (the side product was confirmed
using HPLC/MS equipped with a hypercarb column and an
evaporative light scattering detector (ELSD)). The low yield of
isosorbide is due to the deposition of humification products on
the surface of the catalyst, which blocked the accessibility to
the active acid side (BAS), as well as the absence of removal of
the formed product in comparison to the continuous-flow
system. This result clearly shows the advantages of using a
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continuous-flow system with respect to a batch reactor as it is
efficient and leads to high selectivity toward isosorbide.
Integrated Process for Isosorbide Production from
Glucose. One of the major advantages of using continuous-
flow systems consists of straightforward integration for
industrial applications. Accordingly, we also explored the
integrated process of isosorbide synthesis directly from an
aqueous solution of glucose without isolating the in situ formed
sorbitol. To perform this experiment, the prototype-scale setup
for sorbitol dehydration to isosorbide has been coupled with a
similar scale setup for aqueous-phase hydrogenation of glucose
to sorbitol using 35Ni/NDC catalyst, analogously to what our
group has recently reported (the experimental details of the
integrated process are described in detail in the SI). In this
integrated experiment, the aqueous glucose solution has been
fed at the same flow rate, i.e, 0.7 cm® min™!, over 35Ni/NDC
at 423 K (reactor 1), followed by bimolecular dehydration of
the formed sorbitol to isosorbide (reactor 2) on B(75) at 503
K. After reaching the steady state, a complete glucose
conversion was found (Figure 6). Furthermore, an isosorbide
yield of 54 mol %, together with 14 mol % 1,4-sorbitan and 10
mol % sorbitol that did not undergo dehydration, was
calculated (Figure 3). Interestingly, traces of isomannide (<S
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Figure 6. Conversion of glucose and the yields of sorbitol, isosorbide,
and 1,4-sorbitan as a function of time on stream (TOS) using B(75)
and 35Ni/NDC; reaction conditions: Cyucose = 0.05 M, Qqolution = 0.7
cm® min™!, T, = 423 Kand T, = 503 K, Psystem = 4.0 MPa, mSSNl/NDC =
10 g and myp(;5) = 30 g, and space timeg;,3sni/npc = 4-9 h kg mol ™ and

Mpap(7s) = 14.8 h kg mol ™.
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mol %) were observed as a result of hydrogenation of fructose
(formed by glucose isomerization) to mannitol followed by
dehydration of the intermediates, i.e., mannitol, 2,5-mannitan
(Scheme S1 in the SI). These yields of 1,4-sorbitan and
isosorbide are comparable to the reported data obtained from
the one-pot hydrogenation/dehydration of glucose in water
over Ru/Dowex at 463 K after 24 h of reaction time in the
batch system.'® The performance of the catalysts, ie., 35Ni/
NDC at glucose hydrogenation and $(75) at dehydration of
the formed sorbitol to isosorbide, remained constant for 50 h
of TOS. A similar experiment, analyzing only the products after
reactor 1, gave a 95 mol % conversion of glucose with yields of
88 mol % sorbitol and S mol % fructose (Scheme S1 and
Figure S13 in the SI). These findings are in agreement with our
previous studies conducted on a smaller scale.'' This makes
the overall 54 mol % isosorbide yield in the integrated
experiment up to 78 mol % when correlated with the yield of
sorbitol that formed from glucose after the first reactor. As
expected, the found isosorbide yield is in accordance with the
one reported with similar conditions in Section 3.1, i.e., 83 mol
%. This agreement is evidence that isosorbide production from
B(75) in these conditions is a robust procedure, whose activity
is not affected by minor changes in the reactant educts.

B CONCLUSIONS

We reported on the continuous-flow dehydration of sorbitol to
isosorbide in liquid water over S zeolite, as well as the
integrated aqueous-phase glucose hydrogenation to sorbitol,
followed by bimolecular dehydration to isosorbide. In both
processes, isosorbide was obtained in comparatively high
yields. From these observations, a combination of Brensted
acid sites and high specific surface area is a crucial factor to
design a highly active catalyst for isosorbide production from
sorbitol in the liquid aqueous phase by utilizing a continuous-
flow system.

The calculated apparent activation energies suggest that the
first dehydration step of sorbitol to 1,4-sorbitan is very fast,
while the removal of the second water molecule to form
isosorbide is the rate-determining step. In this context, the
capability of the continuous-flow system to rapidly quench the
products has been found beneficial to obtain high isosorbide
yields. Moreover, the dehydration toward isosorbide in water
was also performed in a medium-sized prototype reactor,
which gave efficient and stable performance up to 50 h of time
on stream.

The positive results of this benign process offer a more
efficient route for isosorbide production and can make
isosorbide an economically feasible replacement for bi-
sphenol-A in polycarbonates and polyesters. Additionally, the
proposed integrated process starting from glucose intents to
find a replacement for Raney nickel with a safer and more
sustainable alternative (35Ni/NDC). The missing hydro-
thermal stability of standard zeolites in aqueous media at
elevated temperatures remains the central drawback for the
application of standard zeolites on a larger biorefinery scale.
Therefore, the development of new, hydrothermally stable,
heterogeneous acid catalysts is eagerly required. Finally, an
investigation into this process on a large scale (pilot plant
level) should be considered to elucidate the industrial
relevance of this approach.
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