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Kinetics of the isosorbide production from sorbitol using water as solvent and the ion-exchange resin CT-482 as catalyst

1. SUMMARY

The chemical industry is subject to various trends and requirements. On the one hand,
products must be safe for society. On the other hand, they can replace raw materials from oil or
coal, reducing the environmental impact of the processes and reducing energy consumption. The
use of bisphenol A has been banned because of the endocrine problems it causes in the population.
Bisphenol A is a monomer used to produce polymers that coat the inner surface of tin cans, or was

present in the heat-sensitive paper on which supermarket tickets are printed, for example.

To replace bisphenol A, the use of isosorbide, a monomer that can polymerize to give
polymers of equivalent function to bisphenol A derivatives, has recently been proposed. Isosorbide
can be obtained by a process that uses fructose or another sugar as a feedstock and can be
produced from biomass after hydrolysis of wood or agricultural residues. Fructose is converted to
isosorbide in two stages. In the first, fructose is converted to sorbitol by hydrogenation, and in the

second, sorbitol, in the presence of an acid catalyst, forms isosorbide.

The aim of the present work was to begin the study of the second reaction, verifying that
the reaction is possible using acid ion-exchange resins as catalysts and with special emphasis on
obtaining kinetic data. These catalysts are suitable to work at moderate temperatures (below 130
°C) and, therefore, in interesting conditions for energy saving. A reaction device was used that
allowed working with sorbitol in aqueous solution. The working conditions that allow to operate
selectively towards the isosorbide avoiding the effects of internal and external matter transfer were
determined, using a catalyst previously selected by screening. All this, obtaining a good reaction

rate. Finally, the kinetic model that best fitted the experimental results was determined.

Keywords: Sorbitol; isosorbide; bisphenol A; acid ion-exchange resins; liquid-phase reaction;

kinetic modeling.
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2. INTRODUCTION

Currently, the chemical industry bases its production on the use of fossil fuels as raw
materials. Fossil fuels are hydrocarbons formed from fossilized organic residues. This
transformation takes millions of years and is made possible by the high pressures and temperatures
exerted by the sediments accumulated above. They are considered non-renewable energy sources
and can be found in the following three physical states: in gas form (natural gas), in liquid form
(crude oil or derivatives) and in solid form (coal).! During the 18th century, these compounds began
to be commercialized as an energy source and, soon after, the potential of fossil derivatives was
discovered. This generated an increase in demand both for energy and for the formation of products
with diverse and excellent properties. From then until now, commercialization has become
globalized.2 This exponential increase in consumption and the difficulty of generating it in the

medium or short term has led to the need for substitute materials.

In addition, the consumption of fossil fuels has been found to be dangerous to the
environment. This is because they generate greenhouse gases (GHG), which is one of the main
causes of global warming. Among the best known GHGs is the release of carbon dioxide (CO2)
after the combustion of petroleum products.3 In order to counteract the global warming, severe
measures have been considered for a progressive reduction of GHG emissions.4 Another drawback
derived from petroleum-derived compounds are the hazards for human, animal and plant health.
For instance, Bisphenol A, a monomer with high stability and structural rigidity, has been found to
be an endocrine disruptor that has serious effects on human health as well as inhibiting plant growth
and development.5 Polymers formed from this compound, currently banned, have excellent thermal

and mechanical properties, and have been widely used in the plastics industry.8

In recent years, the industry opted for alternative compounds as substitutes for current
petrochemical products 4 focusing on sustainable and renewable resources that are economically
viable. These compounds are known as green chemicals and among the best known are those
derived from non-edible biomass.” Biomass is a source of carbon from animal or plant organic
matter that can be used as a raw material for energy production. It is a renewable energy source
because the emission of CO2 released during biomass combustion is equivalent to that consumed

by plants during photosynthesis.8
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The use of forestry and agricultural residues as a resource is of particular interest because
they are widespread and easy to regenerate from biomass, but without interfering with the raw
material used in the agricultural industry. These residues are known as non-edible biomass and
are composed of 80% lignocellulose.® This amount of available raw material is sufficient to meet

the high demand for fossil fuel substitutes and derivatives.

Lignocellulose is an organic substance present in plant cell walls and is composed of
cellulose (40 — 50%), hemicellulose (25 — 35%) and lignin (15 — 20%). Cellulose is a polymer
composed of linear chains of B-glucose molecules. Hemicellulose is a polysaccharide composed
of two types of sugar monomer; pentose and hexose. Lignin is an aromatic compound formed by
phenyl-propane units that provide structural rigidity to plants.® By means of a hydrolysis process in
an acid medium, cellulose and hemicellulose can be transformed into C5 and C6 sugar monomers
(i.e. glucose, fructose, xylose, arabinose),'® which in turn can be further transformed into highly

valuable platform chemicals.!

The U.S. Department of Energy published a report in 2004 with the main platform
chemicals from biomass.'? Among them is sorbitol, a compound that could be used to obtain
various high value-added substances. One of the possible synthesis routes would be the double
dehydration of sorbitol to obtain isosorbide. Other compounds with high potential from sugars are

levulinic acid and furanic derivatives, such as 5-hydroxymethylfurfural and furfural.'®

2.1. SORBITOL

Sorbitol (Figure 1, CsH140s), also known as glucitol, is a polyhydric alcohol produced by
the chemical transformation of sugars derived from lignocellulose. It is usually marketed as a white

crystalline powder and has a sweetness of approximately 60% sucrose. 4

OH OH
FIGURE 1.Chemical structure of sorbitol.

At the industrial level, sorbitol is widely used in the food sector as a sweetener additive. It

is also used in the cosmetics and pharmaceutical industry as an anti-drying agent and preservative.
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In addition, it is of particular interest to the chemical industry as a raw material to form a wide range

of high value-added products.'s

2.2, ISOSORBIDE

Isosorbide (Figure 2, CsH100s) is a bio-based chemical compound with the potential to be
used in various applications bio-substitute for petroleum-derived compounds such as bisphenol A
and other polymers.¢ This is due to its low toxicity, acceptable stability and functional versatility.
Isosorbide is composed of two fused tetrahydrofuran rings and two hydroxyl groups in endo-exo
configuration. Due to its structure, the molecule presents two isomers depending on the
configuration of the hydroxyl groups: isomannide when the configuration is endo-endo and isoidine
when it is exo-exo. Consequently, the three molecules have different reactivities and

physicochemical properties.!”

OH
FIGURE 2. Chemical structure of isosorbide.

At industrial scale, isosorbide is synthesized by dehydrating sorbitol by homogeneous
catalysis using mineral acids, such as sulfuric acid.’® This presents a number of disadvantages
like: acid corrosion derived problems and the need for separating the product from the catalyst.
Noteworthy, current isosorbide production yields are lower than industry standards. This is why
heterogeneous catalysts, e. g. by ion exchange resins, is envisaged as a plausible solution to

overcome the mentioned limitations.

Within the exposed framework, this work provides a kinetic study on the isosorbide
synthesis from sorbitol over a potentially applicable ion exchange resins, CT-482, selected from a

previous screening study.'®
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2.3. CHEMICAL REACTION

The reaction system studied is the double dehydration of D-sorbitol to obtain isosorbide. It
consists of 2 dehydration reactions in series, Figure 3. In the former, sorbitol is dehydrated to 1,4-
sorbitan and, to a lesser degree, 3,6-sorbitan. In the layer, isosorbide is obtained through
dehydration of 1,4-sorbitan and 3,6-sorbitan.20 The parallel formation of side products is a drawback

to be consider limiting sorbitol yields to isosorbide.

(¢)
HO
HO™ "“OH

OH

1,5-sorbitan

/gf

3,6-sorbitan / 0

e,

—_— = B —
H,0 OH
OH Isosorbide

sorbitol
0 OH
-H,0 H

2

1,4-sorbitan

o OH

HO

OH
HO

2,5-sorbitan
FIGURE 3. Double dehydration of sorbitol to isosorbide.

The main byproducts generated are: 1,5-sorbitan and 2,5-sorbitan. However, other the
isomers involved in the reaction can also yield secondary products by molecular degradation. The
result of this transformation is a variety of compounds of polymeric structure and insoluble character
known as humins. The formation of these products prevents good isosorbide yields from being

obtained.?!

As discussed above, the use of solid heterogeneous catalysts is a good alternative to
homogeneous catalysis. In the literature, previous studies investigated the use of different solid
catalysts. Table 1 gathers the main result obtained in terms of reactants conversion and selectivity

to target product along with the experimental conditions explored.
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TABLE 1. Summary of experiments using heterogeneous catalysts. 1°

Selectivity [%]

Catalyst Catalyst T t  Xsow?
Catalyst Solvent
t load 0 0
ypes o2 Pl TA o q487c  Others
SnPO 059 Water (SOH 10wt%) 300 2 72 65 34 1
ZrPO 05¢g Water (SOH 10wt%) 300 2 56 52 26 22
Metal
phosphate 2223
TiPO 059 Water (SOH 10wt%) 300 2 97 46 3 51
BP 1 wt% Water (SOH 70wt%) 250 2 100 70 6
Beta(75) SOH/AI=50  Water (SOH 9wt%) 200 2 87 33 43 24
Zeolites 2 Beta(150) SOH/AI=50  Water (SOH 9wt%) 200 2 73 22 56 22
Mordenite(110)  SOH/AI=50  Water (SOH 9wt%) 200 2 60 20 55 25
P-CT275 5 wt% Free 140 15 96 40 -
Acid resins % P-CT269 5 wt% Free 140 15 93 33 -
Amberlyst 70 5 wt% Free 140 15 92 31 -
Amberlyst 35 5 wt% Free 140 15 9 3 -

(a) sorbitol conversion
(b) Isosorbide
(c) 1,4-sorbitan

From this table it can be concluded that higher sorbitol conversions are obtained with ion-

exchange resins, although the selectivities are still low. They also allow working at lower

temperatures. For this reason, the study will focus on the use of ion-exchange resins as a catalyst

for the reaction.
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24. ACID ION-EXCHANGE RESINS

A catalyst is a substance that increases the rate at which a chemical reaction approaches
equilibrium without permanently intervening in the reaction. Depending on the nature of the catalyst,
catalysis can be classified into the following three types: homogeneous, heterogeneous and
enzymatic. Homogeneous catalysis is considered when the catalyst and reactants are in the same
phase and heterogeneous when they are in different phases. The term of enzymatic catalysis is
coined when the catalyst is an enzyme. Approximately 80% of industrial catalytic processes are

heterogeneous and, of these, 90% use solid catalysts.2

When solid catalysts are used, it is necessary that at least one of the reagents can adsorb
on the surface of the solid. In turn, the catalyst must have a large adsorption surface to facilitate
the interaction between the reagent and the solid, as is often the case with porous solids. Another
factor to take into account is the performance of the catalyst in terms of its activity. This is typically
related to structural properties, e.g., pores size and volume. In addition, it is important to know the
chemical composition of the catalyst since the interaction with the reagent is of chemical nature

and this is related to the type of functional groups that are the actual active sites.

At industrial level, the interest in a given solid catalyst is evaluated in terms of selectivity,
lifespan and activity. Activity refers to the catalyst's ability to transform reactants into products.
Selectivity corresponds to the capacity to produce the desired compound with respect to the total
number of products obtained. And the lifespan consists of the period of time in which the activity

and/or selectivity satisfy the needs of the process, i. e. without signs of deactivation.

Solid catalysts generally consist of a support and an active phase. The support is a material
with a large surface area that contains the active component stabilized. The active phase or
component is responsible for increasing the reaction rate. Sometimes catalysts can also have
promoters to enhance the activity of the catalyst. The elementary chemical stages of a solid
catalytic reaction taking place in the active sites are: adsorption of reactants, chemical reaction and

desorption of the product.

lon exchange resins are organic polymers with the capacity to exchange ions with the
medium in which they are working. Their structure consists of a polymeric matrix of hydrocarbon

chains with functional groups anchored to it. The cross-linking agent gives the matrix a stable three-
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dimensional hydrophobic structure with a defined pore structure.2” These resins are usually
marketed as spherical particles between 0.3 and 1.2 mm in diameter.?8 There are two main types
of resins due to the degree of cross-linking they present: gel-type and macroreticular resins. Low
cross-linked resins have a microporous structure (gel-type) and high cross-linked resins have a
macroporous structure (macroreticular). The degree of cross-linking affects the level of porosity,
which in turn influences some of their properties.2® They are also differentiated according to pore
diameter: ultra-micropone type for sizes smaller than 0.7 nm, micropones for sizes between 0.7
and 2 nm, mesopones for sizes between 2 and 50 nm and macropones for sizes larger than 50
nm.30 As a result, resins can have different applications depending on their structure. The most
used ion-exchange resins are those with a styrene-divinylbenzene support (PS-DVB). These can
be obtained through a process of copolymerization of styrene and divinylbenzene (cross-linking

agent).3!

After obtaining the support structure, the functional groups (acid, basic, metallic, etc.) are
added to the resin to build a catalyst with the required properties for a reaction. In the case of acid
sites, a sulfonation process is carried out by means of a bath with concentrated sulfuric acid.
Depending on the degree of sulfonation of the resin, three different groups are distinguished: over-
sulfonation (OS), conventional sulfonation (CS) and surface sulfonation (SS), in order from the
most to the least sulfonated. The parameters that determine the use of a particular resin are: degree
of cross-linking, swelling, stability, particle diameter, density, water affinity, acid capacity and acid
strength. These parameters are usually obtained by dry analytical processes, to avoid the change
of structure upon swelling due to contact with a solvent. However, it is also important to determine
these parameters when the particles are swollen, for example, by ISEC (Inverse Size Exclusion

Chromatography).3

The use of ion exchange resins is subject to chemical, mechanical and thermal stability.
Chemical stability is given by the resistance of the resin structure not to degrade when working in
oxidizing conditions. Mechanical stability is defined as the resistance of the particle to breakage
and compression. Thermal stability corresponds to the ability of the resin to resist high
temperatures. Each resin has a maximum operating temperature above which irreversible changes
occur in its structure and, consequently, a decrease in catalytic activity.?” Knowledge of the above
parameters is useful for understanding the catalytic behavior of a resin in the reaction
environment.2® Therefore, studies have been carried out to determine which types of acid ion-

exchange resins are best for the production of isosorbide from sorbitol dehydration. The resin that
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obtained the best results was the thermostable CT-482.1® Basic information on this resin can be
found in Table 2.

TABLE 2. Properties of ion exchanger CT-482. 9

Acid Water
capacity DVB% X Tmax  dp  dpore Sy Vpore Vsp 0
coAbSt WP pma g " O m fm) (gl fomigl [emig) [
H*/q]
0812 2672  8.72 0.062 - 8.22
CT-482  macro 4,25 LOW 48-58 190

19.66  214.0° 105  1.081° 65.7°

a Dry state: measured by BET technique
b Swollen in water: measured by ISEC technique.

2.5. PHYSICOCHEMICAL STEPS ON HETEROGENEOUS CATALYSIS

When a reaction system is catalyzed by a solid, the reaction rate is characterized by the
resistances found from the time the reactant travels from the fluid and interacts with the particle
until the product is obtained and released from the catalyst. These resistances have been classified

into 7 elementary stages that make up the catalytic process:

1) External mass transfer of reactants: It consists of the diffusion of the reactants from within
the fluid phase to the surface of the film enveloping the catalyst.

2) Internal mass transfer or diffusion of reactants: where intraparticle diffusion of reactants
into the catalyst pores from the outside to the active sites takes place.

3) Adsorption of reactants: on active sites.

4) Chemical reaction: surface reaction between adsorbed reactants to form adsorbed
products.

5) Desorption of products: of active sites.

6) Internal mass transfer (or diffusion) of the products: where intraparticle diffusion of products
occurs through the catalyst pores from the active sites to the outside.

7) External mass transfer of products: corresponds to the diffusion of products through the

film enveloping the particle into the fluid phase.
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A—->B Fluid-phase

FIGURE 4. Steps of the catalytic process of reaction A < B in porous solid.?

In Figure 4, points 1, 2, 6 and 7 are of physical related to mass transfer while points 3, 4,
and 5 are chemical steps. In order to obtain a kinetic model of a chemical reaction, it is considered
that the stages occur in series-parallel except for the internal mass transfer, which occur in series.
In brief, there are three different kinetic controlling regimes: external mass transfer (1 and 7),

internal mass transfer (2 and 6) and chemical reaction (3, 4 and 5).2

The overall reaction rate is marked by the limiting step corresponding to the step that has
a significantly lower rate than the rest. Both external mass transfer (EMT) and internal mass transfer
(IMT) can influence the reaction rate. EMT occurs when concentration and temperature profiles
occur in the external film around the catalyst and reactants concentration at the external catalyst
surface is nile, while IMT refers to concentration and temperature profiles generated between inside
the catalyst particle. Accordingly, the smaller the particle size the higher the internal diffusivity and
the higher the stirring speed the lower the effect by EMT.2” For determining that the limiting stage
of the reaction is the chemical reaction at the pores surface, it is necessary to perform experiments
to determine the conditions at which the agitation in the reactor and the particle size are not leading
to a physical control of the kinetics. Under such conditions, the reaction rate is governed by the

chemical stages and the kinetic expressions of the intrinsic reaction rate.32
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2.6. MECHANISTIC MODELS OF SURFACE REACTION IN
HETEROGENEOUS CATALYSIS

The classical models of heterogeneous are based on the Langmuir-Hinshelwood-Hougen-
Watson (LHHW) and Eley-Rideal (ER) formalisms. In the first model, all reactants are considered
to be adsorbed on the active sites and react with each other. Conversely, in the second model not
all reactants are adsorbed on the catalytic surface and the reaction occurs between adsorbed and
non-adsorbed reactant molecules. In both cases the resulting product is adsorbed.® Typically, the
equations representing this mechanisms comprise the kinetic term, the driving force, the adsorption

group and the number of active centers involved in the reaction.?’

LHHW MECHANISM
ADSORPTION SURFACE DESORPTION
(A (B) REACTION ﬁ

e “‘\,‘ 2N _.""‘\,_
ﬁ L (A= k] 3} (P
Catalytic surface Catalytic surface Catalytic surface

ER MECHANISM

ADSORPTION ~—~, SURFACE DESORPTION
M - B} REACTION

) (B H ﬁ

,,,,,

(A} (p)

Catalytic surface Cartalytic surface Calalytic surlace

FIGURE 5. Schematic representation of LHHM and ER methods for A + B < P reaction. 27

Interestingly, the information that can be found in the open literature about the kinetics of
the isosorbide production from sorbitol dehydration over solid acid catalysts is very scarce. Only a
very recent study evaluated the thermodynamics and kinetics of this reaction system catalyzed by
NbOPOs. By thermodynamic analysis they concluded the double dehydration is an endothermic
process in which the first stage has an irreversible behavior while the second stage is reversible.
Therefore, working at high temperatures favors the positive shift of the equilibrium towards the

second step of dehydration. They proposed a pseudo-homogeneous first order reaction model
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which satisfactory fits to experimental data at temperatures ranging 493.15 — 523.15 K. However,
at high temperatures the side reactions are favored over because of their higher activation energy.
In order to maximize the isosorbide yield, the authors proposed an operating system consisting of
two stages at different working temperatures.3* From such study, it can be concluded that there is
a need for finding a potential catalyst for this reaction system able to operate at lower temperatures.
This is precisely one of the motivations of the present project; to assess whether an ion-exchange

resin can provide similar activity and selectivity at lower reaction temperatures.
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3.

OBJECTIVES

The main objective of the present work is to perform a kinetic study on the synthesis of

isosorbide from sorbitol using water as solvent over the thermostable acidic ion-exchange resin

CT-482. To achieve it, the following subobjectives are set:

Page | 14

To condition the experimental setup where the experimental runs will be conducted and to
develop the analytical methods necessary for tracking the product distribution over time.
To perform a study of the mass transfers (internal and external) influences on reaction
rates aimed at determining the conditions at which they can be considered negligible, so
the surface reaction is the controlling step.

To study the effect of the catalyst load on reaction rates in order to set the catalyst mass
used in the experiments.

To execute a rigorous experimental design for obtaining reliable kinetic data for the
involved species in the studied reaction system. The experiments will be carried out at
different temperatures and different initial composition of the reaction mixture in order to
obtain a wide variation of the expected non-linear profiles that can represent faithfully the
involved kinetics.

To assess the effect of experimental conditions on reactants conversion, selectivity and
yield towards target product, in order to find out the conditions promoting the formation of
isosorbide.

To estimate the reaction rates of consumption and formation during the runs for the
involved species.

To propose a kinetic model based on the LHHW and ER formalisms able to predict reliably
the kinetics of the studied system, contributing thereby to improve our knowledge on the
reaction mechanisms through which the involved reactions occur.

Noteworthy, the assessment of the involved parameters to estimate in each model, e.g.,
kinetic constants, activation energies and adsorption equilibrium constants, is also a

fundamental part of this work.
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4. EXPERIMENTAL SECTION

4.1. CHEMICALS & CATALYST

The synthesis of isosorbide was performed using sorbitol as reactant (Alfa Aesar, 98%
purity) and using deionized water (Mili-Q, Milipore) as solvent. In addition, the following analytical
standards were used for the calibration of the analysis system: isosorbide (Alfa Aesar, 98% purity)
and 1,4-sorbitan (Sigma-Aldrich, >99% purity). Although 2,5-sorbitan was detected as by-product
in all the runs, its calibration was performed the 1,4-sorbitan responses since its congener was not
commercially available. Some physicochemical properties of the main chemical species involved

are gathered in Table 3.

TABLE 3. Main properties of the reactants and products.

PROPERTIES SorbitolP 1,4-Sorbitanc Isosorbide 2,5-Sorbitan®
Formula CeH1406 CeH1205 CeH1004 CeH120s5
CAS number 50-70-4 27299-12-3 652-67-5 27826-73-9
Molecular Weight [g/mol] 182.17 164.16 146.14 164.16
Density [g/cm?] 2 1.49 1.57 1.5 1.48
Meiling point, Tm [°C] 98-100 112-113 60-63 56-57
Boiling point, Ty [°C] 295 443 175 416.2
aat T=25°C.

® Value obtained from Alfa Aesar.

¢ Value obtained from Sigma-Aldrich and Chemical book.

4 Value obtained from Sigma-Aldrich, Chemical book and ChemSrc.
e Value obtained from Chemical book and Ningbo Inno Pharmchem.

As aforementioned, Purolite CT-482 was used as the catalyst for the present kinetic study
based on a preliminary screening study. It consists of a commercially available acidic
macroreticular ion-exchange resin with thermostable features, with the physicochemical and

morphological properties summarized in Table 2.
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4.2, EXPERIMENTAL SETUP

The experimental setup consists of a stainless steel batch reactor (316 SS) of 100 mL
useful volume (Autoclave Engineers, Inc. Serial No. 98250114-1) equipped with an overhead
stirrer, an electric furnace for controlling the heating and a catalyst injector. The agitation was
provided by a four-bladed 45° inclined impeller mounted on a rotor (Magnedrive Il Series 0.75-01)
connected to a frequency converter (T-VERTER N2 SERIES) to regulate the agitation speed. A
baffle is located next to the impeller to ensure homogenization of the mixture. The heating system
consists of an electric furnace connected to a PID temperature control system through two
thermocouples that measure the temperature inside the reactor and on the outside wall. After
reaching the set point, its value is kept constant with a £ 0.1 °C error. The reaction temperature
was varied between 150-190 °C and the pressure was kept constant at 30 bar using N2 (99.9995
%GC, Abellé Linde). This pressure was set to ensure the liquid-phase of the reactants mixture, i.e.
by exceeding its vapour-pressure at all temperatures explored, and to impel the samples taken at
any instant from the reactor towards the implemented sampling port. It also consists of a cylindrical
injector (316 SS) to introduce the catalyst into the reaction system. In addition, it contains a relief
valve, a pressure gauge, a filter and a rupture disk. The latter allows instantaneous pressure
release when the working pressure exceeds the maximum pressure (50.1 — 54.8 bar). A schematic

representation of the experimental device used is illustrated in Figure 6.

For the analysis of the samples, a High-Performance Liquid Chromatograph (HPLC,
Agilent Infinity Series Il) equipped with a refraction index detector (RID) was used. The HPLC
column used was a 250 x 4.6 mm Hi-Plex Ca (Agilent Technologies Ltd.) using Millipore grade
water as mobile phase. The main parameters of the chromatographic method developed are

summarized in Table 4.
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heating
furnace

Batch
reactor

FIGURE 6. Scheme of the experimental Set up.

TABLE 4. HPLC method

Quat. Pump

Flow:  0.300 mL/min

Solvents:  100% Millipore water
Stoptime:  17.00 min
Posttime:  Off
- Min: 0.0 bar
Pressure Limits Max  400.0 bar
Minimum Stroke: ~ Automatic
Compressibity: ~ 50*106 /bar
Advanced Maximum Flow Gradient: ~ 100.000 mL/min2
Primary Channel:  Automatic
Column Comp.
Temperature Left:  80.0 °C
Temperature Right:  Combined
Stoptime:  As Pump/Injector
Post Pump:  Off
Advanced Enable Analysis Left: ~ When temperature is within + 0.8 °C
Enable Analysis Right:  When temperature is within £ 0.8 °C
RID
Optical Unit Temperature:  35.00 °C
Signal:  Acquire
Peakwidth: > 0.2 min (4 s response time) (2.31 Hz)
Stoptime:  As Pumpl/Injector
Post Pump:  Off
Analog Output
Zero Offset: 5%
Advanced Attenuation: 500000 nRIU
Signal Polarity:  Positive (+)
Automatic Zero Before Analysis:  On
Automatic Recycling After Analysis:  Off
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4.3. CATALYST CONDITIONING BEFORE THE ACTIVITY RUNS

The catalyst preparation consisted of three phases: drying at atmospheric temperature,
particle size reduction/separation, and oven drying. For drying at room temperature, the catalyst is
placed in a paper container for 24 to 48 hours. Afterwards, the catalyst was crushed in a mill and
separated using metallic sieving plate in the following particle sizes: larger than 0.4 mm, 0.4 - 0.25
mm, 0.25 - 0.16 mm, 0.16 - 0.08 mm and smaller than 0.08 mm. Finally, the catalyst of the desired

size was dried in an oven at 110°C for 24 hours before the catalytic activity runs.

4.4. EXPERIMENTAL AND ANALYTICAL PROCEDURES

The first step is to prepare the reaction mixture; sorbitol diluted in water. For this, water
and sorbitol are weighed separately and added to the reactor. Next, the system was closed with
the three safety screws and a leak test was performed to verify that there were no leaks. The
electrical jacket was placed around the reactor and the stirring and heating systems were turned
on. Once the reference temperature was reached, the dry catalyst previously placed in the injector
was injected. For a correct injection, there had to be a pressure difference of 20 bar. This had to
be done as quickly as possible due to the hygroscopic behavior of the catalyst. The injection

process was repeated about 5 times to ensure that it was completely injected.

The first sample was then drawn at the initial or zero time (t=0). Thereafter, samples were
taken every half hour until 2.5 hours of reaction, then every hour until the experimental time of 6.5
hours was reached. These were collected in a vial with a leaky lid. The mixture retained in the
circuit was recirculated to the reactor. After allowing the vial to cool, 0.5 mL of sample were
extracted and diluted 1:2 with Millipore water in a 1.5 mL vial. Once the samples were diluted, they
were analyzed in the high-performance liquid chromatograph (HPLC) under the operating
conditions shown in Table 4. If the RID detector was saturated by the analyzed sample, it was

further diluted to 1:4 with Millipore water.
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4.5. EXPERIMENTAL CONDITIONS

The main objective of the project was to perform the kinetics of the isosorbide production
from sorbitol reaction system. Accordingly, it was necessary to determine the experimental
conditions at which the internal and external diffusion effects could be considered negligible
compared to the surface reaction, this being the limiting stage. To this end, it was proposed to
divide the experimental phase into 4 stages. The first two stages would be the study of the effect
of internal transfer of matter (ITM) and external transfer of matter (ETM). For ITM, four experiments
were carried out at different particle diameters and the effect on the reaction rate was analyzed.
Then, four more experiments were carried out for ETM. The experiments were carried out at
different stirring speeds with the particle size chosen from the first study. Once these two criteria
were evaluated, the analysis of the effect of catalytic loading on the reaction rate was continued by
3 additional experiments. Finally, the last block of the experimental design, the kinetic study, was
carried out. It consisted of 15 experiments at different initial sorbitol concentrations and

temperatures under the previously determined operating conditions.

TABLE 5. Experimental conditions.

STAGE Temperature (°C) Agitation (rpm) MsoH (9) d, (mm) Weat (9)
<0,08
0,08-0,16
I™ 190 750 45 0,16-0,25 0,75
0,25-0,4
Commercial
250
ETM 190 500 45 0,16-0,25 0,75
750
1000
0,375
Catalyst 190 750 45 0,16-0,25 0,75
Load
1,5
150
Kinetic 160 2,25
study 170 750 45 0,16-0,25 0,75
180 9
190
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4.6. GENERAL CALCULATIONS

The conversion (Xk), Eq. 3.6.1, corresponds to the amount of reactant consumed with
respect to the initial amount of the same reactant. The selectivity (Sk), Eq. 3.6.2, is defined as the
fraction between the moles of product or by-product formed versus the total moles of reactant

consumed. And the yield (Y«), Eq. 3.6.3, is obtained by multiplying the above two parameters.

__ mole of k reacted

_ (Eq. 4.6.1)
k inicial mole of k
i mole of j produced (Eq. 4.6.2)
k™ mole of k reacted

Y] =X, - S] (Eq. 4.6.3)

where k corresponds to the reactants consumed and j to the products or by-products
formed. Considering that there is only one reactant and the stoichiometry of the involved reactions,
the moles of reactant consumed would be equal to the moles of products formed. Therefore, for

the case studied, the following equations are derived:

0 _
XSOH (t) — Nson nOnSOH (t) (Eq. 4.6.4)
SOH
n;(t)
S:(t) = ] Eq. 4.6.5
i (©) nyp(t) + ny4_gr(t) + ny5_s7(t) (Fa )
Y;(8) = Xsou(t) - S;(t) (Eq. 4.6.6)

4.7. KINETIC MODELLING

As the experimental system works in discontinuous, the experimental rates of consumption
or formation of the different species at any time can be estimated through the derivative of the

corresponding mol evolution by, Eq. 4.7.1:

__L (4 Eq. 4.7.1
Ti—Wcat dtt (Q)
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Where r; refers to the reaction rate of compound i at time t, n; are the moles of compound

i and W, is the dry mass of the catalyst used. The mole evolution curve of the reactant sorbitol
was obtained by fitting an exponential type equation (Eq. 4.7.2) with two parameters to be adjusted,
a and b. The target and secondary products were fitted with a function called Exponential
Association (Eq. 4.7.3). This also had two parameters to fit (a and b). The two functions used are

shown below, respectively:

i =a-e bt (Eq. 47.2)

n;=a-[1-e] (Eq. 4.7.3)

Once the experimental reaction rates have been estimated, a kinetic modelling was
performed to assess the models that better fit the experimental data. For this purpose, the kinetic
expressions were based on the following three hypotheses: there is a constant number of active
sites on the surface of the solid particle, the proportions of the active sites are all equal and the
reactivity of the active sites is only temperature dependent. The last two hypotheses do not coincide
exactly with reality in the case of ion exchange resins. However, the expressions obtained using
these considerations usually explain well the experimental variation in the catalytic reaction. The
mechanistic models evaluated are based on the Langmuir-Hinshelwood-Hougen-Watson (LHHW)

and Eley Rideal (ER) formalisms, having a general expression that can be summarized as:

{Kinetic term}; - {Driving force};
=

Eq. 4.7.4
{Adsorption term}™ (Eq.4.7.4)

The general expression is composed of the kinetic term, the driving force, the adsorption
term and an exponent n. The kinetic term is composed of the kinetic constant for reaction i.
Sometimes, it can also include an adsorption equilibrium constant if the reaction mechanism

requires it. For this case only the kinetic constant (ki) was considered.

The driving force (Eq. 4.7.5) corresponds to the difference between the concentrations of
reactants and products of the species involved in reaction i. This is defined according to the

following expression where C; would be the concentrations of the substances involved, v;; the

stoichiometric coefficient of species j in reaction i and K; is the equilibrium constant of reaction i.

reactants products C Vij
.. Vi Hj:l 'j
{Driving force}; = 1_[ G’ — T (Eq. 4.7.5)
. i
j=1
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The adsorption term (Eq. 4.7.6) represents the active centers occupied by the adsorbed
species on the catalyst surface. Therefore, this term was assumed to be independent of the
reaction; identical for all the reactions studied. K; corresponds to the adsorption equilibrium
constant of compound j in liquid phase, C; would be the concentration of substance j and S would
be the number of adsorbed species. The parameter a depends on whether the fraction of

unoccupied active sites is significant or not, taking a value of 1 or 0 depending on that criterion.

{Adsorption term} = a +

J

S
K; -G (Eq. 4.7.6)
=1
The exponential parameter of the adsorption term (nj) can have values between 0 and
infinity. For this study it was decided to analyze the values of 1, 2 and 3, since they are the most

common values.

Both kinetic and equilibrium constants (Eq. 4.7.7) are dependent on the operating
temperature. The adsorption equilibrium constant follows the van't Hoff function which depends on

the adsorption entropy (AadSSjO) and the adsorption enthalpy (Aadsij). From this, the parameters

K1j and Krj are extracted, which can be considered constant over the temperature range studied.
The difference between the inverse of the operating temperature and the mean temperature (T) is
present to decrease the correlation between the parameters. The value of the average temperature
used is 463.15 K.

<M_M.(1_z)> L1
R R T T K1 :i+K7 i+(=—=
Ki=e = e( LK (7 T)> (Eq. 4.7.7)

According to the Arrhenius law, the kinetic constants are also temperature dependent.
Therefore, these constants also follow the above function from which the parameters ks and Ki;

need to be determined. The same is true for the equilibrium constant of the reaction.

The main objective is to estimate the parameters values in each model providing a good
fit of all the reactions simultaneously. This requires minimizing the residual sum of squares between

the experimental (r;¢*?) and calculated (r;**) values of reaction rates, Eq. 4.7.8.

S
RSS; = Z(ﬁ-exp — reat)’ (Eq. 4.7.8)
i=1

Where RSS; corresponds to the sum of residual squares for the evaluated velocities, ri the

reaction rate of species i and S the total number of species evaluated.

Page | 22



Kinetics of the isosorbide production from sorbitol using water as solvent and the ion-exchange resin CT-482 as catalyst

5. RESULTS

5.1. PRODUCT DISTRIBUTION OVER A TYPICAL RUN

The reaction system studied can be summarized in the following reaction scheme:

OH OH HO
R1 ' 9
OH
HO ; E— (018
OH H OH
sorbitol 1,4-sorbitan Isosorbide
R3
o OH
HO
i OH
2,5-sorbitan

FIGURE 7. Scheme of the reaction.

The HPLC analysis enabled to obtain the mole evolution of each species using the
analytical calibration. The main species found were: sorbitol (SOH), isosorbide (IB) and 1,4-sorbitan
(1,4-ST). The fourth signal showed an increasing trend until it stabilized, which coincided with the
almost total consumption of sorbitol. It was therefore concluded that the fourth substance present
in the analysis corresponded to the secondary product. Different authors detected that the most
common secondary sorbitan was 2,5-sorbitan (2,5-ST), so the signal was considered to correspond
to this compound.82! 2,5-sorbitan was not found commercially so it was decided to use the 1,4-
sorbitan calibration for its quantification, because they are isomers. Figure 8 shows examples of
the mole evolutions obtained at two opposite temperature conditions, the lowest (150 °C) and the
highest explored (190 °C).
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FIGURE 8. The variation of concentration for each species versus reaction time (a) 4.5 g SOH, 0.75 g CT-482, 750 rpm, T = 150
°C and (b) 4.5 g SOH, 0.75 g CT-482, 750 rpm, T = 190 °C.

The reaction mechanism of isosorbide synthesis from sorbitol is composed of two series
reactions. In the first reaction the intermediate 1,4-sorbitan is formed which, in turn, is consumed
in the second reaction yielding isosorbide. As mentioned above, a parallel reaction also occurs in

the first stage, where 2,5-sorbitan is generated. Figure 7 shows the reaction system studied.

In Figure 8, it was observed how sorbitol goes from being consumed slowly over time to
being practically exhausted after 2 hours at 190 °C. This shows that the temperature increase
accelerates the formation of 1,4-sorbitan and isosorbide. Due to the observed behavior, it was
concluded that the reactions follow a series-parallel scheme, since the isosorbide starts to appear
after a large part of the sorbitol is consumed but before the 1,4-sorbitan reaches its maximum. At
a temperature of 190°C, the isosorbide curve was observed to increase until it stabilized. This fact
was also reflected for 1,4-sorbitan, where it reached a maximum and then decreased until it
stabilized. The behavior of both species showed that the second dehydration (R2) could present a
reversible behavior. To confirm this possibility, the thermodynamic study of the reaction mechanism
should be performed. Finally, it was observed that the formation of the secondary product did not
vary much over the range of temperatures studied. This differs from that reported in the literature
because they worked with lower temperatures than those used by other authors, e.g., ranges of
220 -250°C.34
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5.2, EFFECTS OF THE CATALYST LOAD, INTERNAL AND EXTERNAL
MASS TRANSFERS

For the three studied blocks prior to the kinetic runs free of mass transfer, it was decided
to work at 190 °C because it is at the highest temperature where the effects of the catalyst load,

the IMT and the EMT are more noticeable.

For the ITM study, the reaction rates were determined using different catalyst particle sizes.
Theoretically, the smaller the particle size, the higher the internal diffusion of the species from the
particle film to the interior of the pore. Figure 9 shows the variation of the initial reaction rate for the

different compounds in relation to the reverse of the particle size analyzed.

| ®SOH 1B 25-ST 14-ST |
180
160
¢ L]
140
120
= ®
Lo | ®
=
g a0 b4
" &0
40
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0 5 10 15 20 25 30
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FIGURE 9. Effect of ITM on the initial reaction rate (0.75 g CT-482, 4.5 g SOH, 190 °C and 750 rpm).

With the results shown in Figure 9 it was demonstrated that the smaller the size, the higher
the reaction rate. In it, an increase in the reaction rate can be observed at smaller particle
diameters. However, at very small sizes (dp < 0.08 mm) such velocity decreased drastically. This
was due to the flow problems caused by working with such small particle diameters. When working
with particle sizes smaller than 0.08 mm, the particles resembled dust, creating some resistance to
flow. This caused part of the catalyst not to be injected correctly into the reactor and, therefore, an

unknown catalyst concentration. This fact discarded the use of this size for the kinetic study.
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It was decided to use a particle diameter between 0.16 — 0.25 mm since the reaction rates
were maximum for that size. Sizes between 0.25 — 0.4 mm were not used because the reaction
rate value is lower than the other values. This is caused by an increase in the flow resistance of
the compounds present in the reactions generating a decrease in the velocity. That is to say that

at sizes larger than 0.25 mm the effect of TIM on the reaction rate can be considered significant.

For the ETM study, the reaction rates of each species involved were obtained at different
agitation speeds. The theory indicates that the higher the agitation, the lower the film surrounding
the catalyst. That is, the species present less resistance to travel from the fluid to the particle
surface or vice versa. Figure 10 shows the variation of the initial reaction rate for the different

compounds as a function of the agitation studied.
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FIGURE 10. Effect of ETM on the initial reaction rate (0.75 g CT-482, 4.5 g SOH, 190 °C and 0.16 - 0.25 mm).

It was observed that at low stirring speeds the effect of ETM was significant. However, as
the agitation was increased, the rate of isosorbide formation stabilized around 750 rpm. Therefore,

it was decided to work at 750 rpm.

Another condition to take into account is the catalyst load that is used to accelerate the
reaction. The higher the amount of ion exchange resin, the faster the reaction takes place.
Therefore, we proceeded to study the effect of the catalyst loading on the reaction rate. Figure 11

shows the variation of the reaction rate versus the load of CT-482 resin injected.
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FIGURE 11. Effect of catalyst load on initial reaction rate (4.5 g SOH, 190 °C, 0.16 — 0.25 mm and 750 rpm).
There was indeed an increase in reaction rate with increasing catalytic load. However, for
very high concentrations of CT-482 a decrease in rate occurred. This could have been caused by
agglomeration of the catalytic solids or by an inadequate suspension of that high mass of catalyst
that resulted in mass transfer limitations between the liquid and solid phases. Because of this it

was decided to use a catalytic load of 0.75 g of CT-482.

In summary, it was decided to work with a particle diameter of 0.16 - 0.25 mm, at a stirring
speed of 750 rpm and 0.75 g of catalyst in order to minimize the effects of ITM, ETM and catalytic
load.

5.3. REACTANTS CONVERSION, SELECTIVITY AND YIELD TOWARD
TARGET PRODUCTS

After determining the conditions at which the effects of mass transfers are not governing
the kinetics, the experimental design for the kinetic study of the reaction system was executed at
such conditions. The study was carried out at different initial concentrations of sorbitol and several
operating temperatures to grasp the effect of the experimental variables on the inherent non-linear
variation of the mole evolution. A total of 15 experiments were conducted. The conversion of
sorbitol, its selectivity and yield towards the target product and the rest of species were calculated.
Figure 12 shows the evolution of sorbitol conversion versus time for the different operating
temperatures. The representations are based on each of the initial sorbitol concentrations

evaluated.
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FIGURE 12. Sorbitol conversion at different temperatures (a) 2.25 g SOH (b) 4.5 g SOH (c) 9 g SOH (0.75 g CT-482,
0.16 — 0.25 mm and 750 rpm)

As mentioned above, the operating temperature has a significant influence on the reaction
rate. The conversion of sorbitol increases from 80% to 97% as the initial concentration is varied
from 2.25 g to 9 g, respectively. It was observed that sorbitol is virtually consumed at high
temperatures. The conversion at temperatures of 180 and 190 °C was practically the same,
therefore, working at temperatures higher than 180 °C does not produce a significant increase in

the conversion of sorbitol.

The variation of isosorbide selectivity against different working temperatures was also

obtained for the three initial concentrations of sorbitol. This variation is reflected in Figure 13.
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FIGURE 13. Isosorbide yield at different temperatures (a) 2.25 g SOH (b) 4.5 g SOH (c) 9 g SOH (0.75 g CT-482,
0.16 — 0.25 mm and 750 rpm)

As with sorbitol conversion, it was observed that at higher temperatures the yield increase
was not as pronounced. This confirms that increasing the working temperature above 180°C will
not have a significant impact on the selectivity towards isosorbide production. The yields obtained
for different initial concentrations of sorbitol were also compared. It was concluded that at low
temperatures the difference between vyields for the three initial concentrations is greater than at

high temperatures.

Table 6 summarizes the conversion, selectivity and yield values obtained at an
experimental time of 6.5 hours. As expected, with increasing isosorbide yield, there was a decrease
in the selectivity and yield of the intermediate product. Therefore, working at low temperatures
promotes the obtaining of 1,4-sorbitan. As for 2,5-sorbitan, although its yield increases with
temperature, the variation can be considered negligible compared to the increase of the target

product.
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TABLE 6. Final conversion, selectivity and yield values obtained from the kinetic study.

T(°C) mson(g) Xsou(%) SiB(%) Sisst(%) Sasst(%) Yie (%) Yiast(%)  Yass71(%)
150 2.254 86.73 2642 64.85 8.74 22.91 56.24 7.58
160 2.253 89.25  26.96 62.95 10.09  24.06 56.19 9.00
170 2.254 96.47 4554 44 .81 9.50 43.93 43.23 9.31
180 2.251 9496  55.61 25.80 18.58 52.81 2450 17.65
190 2.251 96.08  60.83 28.61 10.56 58.44 27.49 10.15
150 4.508 81.72 2143 71.31 7.26 17.51 58.27 5.93
160 4.504 9486  31.61 61.02 7.00 29.98 57.88 7.00
170 4.508 9744  38.97 50.86 9.91 37.97 49.56 9.91
180 4.510 98.29  58.21 32.20 9.59 57.22 31.65 942
190 4.577 98.62 57.83 33.57 8.48 57.04 33.11 8.48
150 9.012 76.24  19.07 72.11 8.82 14.54 54.97 6.72
160 9.013 9492  32.31 60.18 7.51 30.67 57.12 713
170 9.002 97.83  47.01 4414 8.86 45.99 43.18 8.66
180 9.012 98.61 5342 37.77 8.85 52.68 37.25 8.68
190 9.026 97.00  56.57 35.97 7.46 54.88 34.89 7.23

5.4. ESTIMATION OF EXPERIMETNAL REACTION RATE

Using the procedure described in the calculations section, the experimental reaction rates

of formation or consumption of the species involved were estimated. Examples of their values with

the course of the runs can be seen in Figure 14. In it, it was observed how working at higher initial

concentration increases the magnitudes of the reaction rates. At initial concentrations of 2.25 g of

sorbitol, the initial velocity of sorbitol was 23.81 mol h-1 kg-1 while at 9 g it reaches a value of

119.28 mol h-1 kg-1. The same happens for isosorbide, which goes from presenting a magnitude

of 3.19 to 6.36 mol h-1 kg-1. It was also observed how the reaction rates decrease with time.

Sorbitol presented an exponential type decrease while isosorbide was more of a linear type.
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FIGURE 14. Effect of initial concentration on reaction rate (a) sorbitol (b) isosorbide (170 °C, 0.75 g CT-482, 0.16 -
0.25 mm and 750 rpm).

Comparing the results for the three initial concentrations evaluated, it was observed that
the higher the concentration, the greater the variation of the reaction rate, i.e., the more the reaction
accelerates. For sorbitol the consumption is very high at high initial concentrations. However, the
lower the initial reactant loading the less steep the slope of the rate becomes. In the case of

isosorbide, this variation is practically not observed.
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FIGURE 15. Effect of temperature on reaction rate (a) sorbitol (b) isosorbide (170 °C, 0.75 g CT-482, 0.16 - 0.25
mm, 4.5 g SOH and 750 rpm).

On the other hand, the reaction rates of sorbitol and isosorbide were compared at different
temperatures, an example is shown in Figure 15. Again, it was demonstrated that working at high
temperatures accelerates the reaction. In the case of sorbitol, at 190 °C there is a drastic decrease
in the first instants of the reaction, contrary to what happens at 150 °C, where the slope of the

velocity is practically linear. The same happens for isosorbide, at high temperatures the slope is
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steeper and decreases as the temperature decreases. It was also concluded that the initial velocity

of both substances increases with temperature.

On the other hand, the reaction rates of sorbitol and isosorbide were compared at different
temperatures, an example is shown in Figure 15. Again, it was shown that working at high
temperatures accelerates the reaction. In the case of sorbitol, at 190 °C there is a drastic decrease
in the first instants of the reaction, contrary to what happens at 150 °C, where the slope of the
velocity is practically linear. The same happens for isosorbide, at high temperatures the slope is
steeper and decreases as the temperature decreases. For the magnitudes of R1 and R2 obtained,
it was observed that the rate of sorbitol consumption appeared to be much faster than that of
isosorbide formation. This implied that the rate-determining-step was the second dehydration. It

was also concluded that the initial velocities of both substances increased with temperature.

5.5. KINETIC MODELLING

Once the experimental reaction rates at different temperatures and initial sorbitol
concentration were estimated from all the experiments of the kinetic study, several models based
on the LHHW and ER formalisms previously mentioned were fitted to the experimental data. For
this it was necessary to define the hypotheses that would lead to determine the models to be tested.
It was considered that the reaction mechanism was pseudo-first order and that the limiting stage of
the reaction corresponded to the surface reaction. In addition, the adsorption term was considered
to be the same for the three functions to be optimized because it only depends on the composition
and working temperature. The rates of the different species that were fitted simultaneously are: i)
consumption of sorbitol (-rsoH) — accounting for the formation of the intermediate 1,4-sorbitan and
the byproduct 2,5-sorbitan, ii) the production of isosorbide through the dehydration of 1,4-sorbitan
(ri8) and, iii) the formation of the byproduct 2,5-sorbitan (r25-s1). Please note that the rate of reaction
R1 can be obtained as (-rson - r25-s1). Based on the recent study®*, R1 and R3 were considered
irreversible and R2 as reversible so that the different driving forces originated the following kinetic

expressions:

(kl + k3)CSOH
~soH = Eq.5.5.1
son {Adsorption term}™ (Eq. 5.5.1)
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ky - (C1,4—5T - %)

- {Adsorption term}™

i (Eq. 5.5.2)

k3 *Cson

TZ,S—ST = (Eq 553)

{Adsorption term}™

Where the adsorption term is a function of the model and the following scenarios were

envisaged for its formulation :

The fraction of unoccupied sites can be considered to be significant or not, i.e., the a term
is 1 or 0. Model A being in the case that it is considered relevant or B if it can be
disregarded.

The involved number of active sites can be different (1, 2 or 3, typically): this was
considered by the exponent to which the adsorption term was raised to.

Whether the adsorption contribution of a given species is considered significant or not. At
this point, different scenarios depending on the number of species to be adsorbed were

considered.

As a result, the models summarized in tables 7, 8, 9 and 10 were fitted to the experimental

rate data previously determined.

TABLE 7. All species contribute to the adsorption term.

MODEL {Adsorption term}™
A1 (1 + Kson * Cson + Kia—sr * Cra—st + Kos—s7* Co5-s7 + Kip - Cip + Ky - CW)
A2 (1 + Kson * Cson + K1 a—s7  Cra—st + Ko 557 Co5-s7 + Kip - Cip + Ky CW)Z
A3 (1 + Kson * Cson + Kyasr * Coa—sr + Ko s—st " Cas—sr + Kip " Cip + Ky - CW)3
B1 (Kson " Csonr + Kya—sr " Craesr + Kos—sr* Co5-s1 + Kip * Cip + Ky * Cy)
B2 (KSOH “Cson + K1,4—ST ’ Cl,4—ST + KZ,S—ST ’ CZ,S—ST + Kip - Cip + Ky - CW)2
B3 (KSOH “Cson + K1,4—ST ’ Cl,4—ST + KZ,S—ST ’ CZ,S—ST + Kip - Cip + Ky - CW)3
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TABLE 8. Four species contribute to the adsorption term.

MODEL {Adsorption term}™
A4 (14 Kiaesr " Coacsr + Kps—s7* Cos—s7 + Kip * Cip + Ky * Cy)
AS (1 + Kson * Cson + Ko 5—s7 * Cos—st + Kip * Crg + Ky * Cuy)
A6 (1 + Kson * Cson + K1,4—ST ’ Cl,4—ST +Kip-Cip+ Ky - CW)
A7 (1 + Kson * Cson + K1a—s7 * Cra—st + Ko 557 Co5-s7 + Ky - CW)
A8 (1 + Kson * Cson + Kyasr * Crast + Kos_sr* Cos—sr + Kip * Ci)
B4 (Kia-st* Cracsr + Kps—s7* Cos—sr + Kip * Cip + Ky * Cy)
BS (Kson * Cson + Ka5—s7* Cos—st + Kip * Crg + Ky * Cyy)
B6 (KSOH *Csop + K1,4-—ST ' Cl,4——ST +Kip-Cip+ Ky - CW)
B7 (KSOH *Cson + Kia-s7 " Cra—st + Kps_s7 " Co5—s7 + Ky CW)
B8 (KSOH *Cson + Kia-s7 " Cra—st + Ko5-s7 " Co5—s1 + Kip CIB)
TABLE 9. Three species contribute to the adsorption term.
MODEL {Adsorption term}™
A9 (1 +Ky5_57 Cos—sT + Kip - Cip + Ky CW)
A10 (1+ Ky a—sr* Cracsr + Kip - Cig + Ky * Cy)
A11 (1+ Ky -7 " Coacsr + Kps-s7* Cos—s7 + K * Cw)
A12 (1 + Kia-s7" Cra—sr + Kos_s7 " Cos5_s7 + Kip CIB)
A13 (1 + Kson " Cson + Kip - Cip + Ky * Cy)
Al4 (1 + Kson * Cson + Kz s—s7 - Co5—s7 + Ky CW)
A15 (1 + Kson - Cson + Ko 5-s7* Co5-s7 + K15 * Ci)
A16 (1 + Kson * Cson + K1 a—s7 * Cra—s7 + Ky - CW)
A17 (1 + Kson * Cson + Kyaesr* Crasr + Kip * Cip)
A18 (1 + Kson * Cson + Kia—sr * Cra—st + Ko 557 C5-s1)
B9 (KZ,S—ST ' C2,5—ST + Kip - Cip + Ky - CW)
B10 (K1,4—ST *Cra-—st + Kip - Cip + Ky - CW)
B11 (Kia-st* Craesr + Kys-s7* Cos_sr + K * Cu)
B12 (K1,4—ST ' Cl,4——ST + KZ,S—ST ' CZ,S—ST + Kjp - CIB)
B13 (Kson * Cson + Kip * Cip + K * Cy)
B14 (Kson * Cson + Ko s_s1 * Cos—s7 + K * Cy/)
B15 (Kson * Cson + Kos—s7 * Co5-s7 + Kig * Ci)
B16 (KSOH *Csony + Kia-s7 " Cra—st + Ky * CW)
B17 (Kson * Cson + Kua—st * Cra—st + Kip * Cip)
B18 (Kson * Cson + Kia—sr * Cra—sr + Kos_s7* Co5-s7)
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TABLE 10. Two species contribute to the adsorption term.

MODEL {Adsorption term}™
A19 (1 + Kson * Cson + Kiaesr * Crazsr)
A20 (1 + Kson * Cson + Ka5—s7 * Co5-s1)
A21 (1 + Kson - Cson + Kip * Cip)
A22 1+ Ko * Cson + Ky - Cyy)
A23 (1 + Kia—sr* Cracsr + Kos—s7* Co5-s7)
A24 (1 + Ki4-s7 " Cra-sr + Kip* CIB)
A25 (1+ Ky4s7°Cra—sr + Ky - Cy)
A26 (1 + Kys5_s7 Cos-sT7 + Kip CIB)
A27 (1+ Kys5_s7* Cos_sr + K * Cuy)
A28 (1+Kyp-Cg+Ky-Cy)
B19 (KSOH * Cson + K1,4—ST : C1,4——ST)
B20 (Ksom * Cson + Ka5-sr* Ca5-s7)
B21 (Kson * Cson + Kip * Cip)
B22 (Kson * Cson + Kw - Cw)
B23 (K1,4—ST *Cg-st + Kops-s7° CZ,S—ST)
B24 (Ki4-sr* Crast + Kip * Cip)
B25 (K1,4-—ST “Cra—st + Ky * CW)
B26 (Kz,s—sr *Cys_st + Kip - CIB)
B27 (Kzs5-s7 " Cos—sr + K * Cw)
B28 (K;g - Cig + Ky - Cy)

After defining the models to be tested, the evaluation of their fitting goodness was assessed
by means of the total sum of squared residuals (sum of the 3 reactions fitted simultaneously) and
by the evaluation of the corresponding parity and residuals plot. Table 11 summarizes the

parameters estimated for all the models evaluated along with their RSS.

In general terms, after assessing the whole of models evaluated, it was observed that type
A models, those in which the fraction of unoccupied sites is considered relevant (a = 1), fitted more
reliably the experimental data obtained. Moreover, those models where sorbitol is considered to be
one of the adsorbed species, it was observed that the first term of the adsorption constant tended
to zero. This fact is explained by the fact that, at high reaction times, sorbitol is practically
completely consumed, so that the iterative system has to give more weight to the rest of the
parameters involved. The solution to this problem would be to consider that the adsorption terms

are different for the different reactions evaluated.

De los modelos tipo A, los dos que mejor se ajustan a los valores experimentales son el

A11y A4, con un valor de suma cuadratica de residuos de 1.003-104y 1.004-104, respectivamente.
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Los gréficos de paridad y de residuos para los dos mejores modelos obtenidos se representan en

la Figura 16. Los correspondientes a todos los modelos evaluados se incluyen en el Apéndice 3.
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FIGURE 16. The parity and residuals distribution for the two best models obtained, A11 and A4.

Page | 36

rexp (molh-kg)

Al 1B
2%

20

rcal (mol'h-kg)
=
.

=
.
.

0 5 10 1%
rexp (molh-kg)

Al1: 1B

%

Residuals (molih-kg)

rexp (molhkg)

Ad: 1B
2%

20

r cal (molh-kg)

e
"I- .

5
=
CI
0 S

0 § 10 15
rexp (molh-kg)

A4: 1B

20

2%

Residuals (mol/h-kg)
=
.
scw| O
. .
L ]

20

rexp (molh-kg)

A11:2,5-8T
2
20
.
B15
£
£ ° .
]
L
e e%
5 o . . .
t LR ] .
B-\ .
0
0 5 10 15 20 %
rexp (mol'h-kg)
A11: 2,5-8T
bl
.
15 N
g 10 . .
E [ ]
= .
Eoghl | |
pe 10 15 2 Fd
.
5 L]
L]
-0
rexp (molh-kg)
A4: 2,5-8T
25
20
L
EXG
H . .
g1 .
e °
s * e
Y L]
o 0 . . .
*Y o,°
0
0 5 10 15 20 %
rexp (mol/h-kg)
A4:2,5-ST
20
L]
15 .
cl 10 - .
=
E .
= 0
g R
2 .
& o L]
ﬁ.:;. TR ) 3
. .
5 L4
.
-10
rexp (molih kg)



Kinetics of the isosorbide production from sorbitol using water as solvent and the ion-exchange resin CT-482 as catalyst

As can be seen in Figure 16, the parity plot for both models fit best for the rate of sorbitol
consumption. This is because equal importance has been given to the three reactions by optimizing
for the reaction rate values with the highest weights. These velocities coincide with those of sorbitol
in the first instants of the reaction. A possible solution would be to indicate the importance of each
equation so that the parameters are adjusted according to the isosorbide formation rate, since this
is the objective function. On the residual plot, a good random dispersion is observed for the 3
species with the exception of certain experiments. Even so, the fit can be considered as good

considering that it corresponds to an approximate study from which to start.
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As mentioned above, the best fitting models are model A11 and A4. In model A11 it is
considered that the species that contribute significantly to the adsorption term are: 1,4-sorbitan,
1,5-sorbitan and water. Considering that the work was carried out in an aqueous medium and that
the resins are hygroscopic in nature, it makes sense that water would influence the adsorption term.
On the other hand, 1,5-sorbitan is present in most of the reaction time and influences the isosorbide
selectivity. Furthermore, the contribution of 1,4-sorbitan to the adsorption term would justify the
slowdown towards isosorbide formation, making reaction R2 the rate-determining step. The

functions of the reaction equations would be as follows:

(k1 + k3)Cson

~TsoH =
(1+ Kyaost* Cra—st + Kas-s7* Cos—st + Kw * Cw) (Eq. 554
q.5.5.
C
ky- (C1,4—ST - %)
Tip =
(1 + Ky 457 Cia—st + K557 Co5_s7 + Ky - CW) (Eq. 5.5.5)
q.5.5.
) ~ ks - Cson
2,5-ST =
(1+ Ky 4-sr " Cra—st + Ko 557 " Co5-57 + K * C) (Eq. 5.56)
q.5.5.

On the other hand, in model 4, the above species plus isosorbide are adsorbed. In this
one, the target product would also be rate limiting. This together with the resistance of the 1,4-
sorbitan to adsorb makes the second dehydration slow compared to the first. However, the
parameter Kig 1 tended to zero. This may be due to the fact that in the first instants of the reaction
there is practically no isosorbide concentration. It is at these times that the reaction rate is at its
greatest magnitude, causing the iterative system to prioritize other parameters. This problem would
be solved by giving the same level of priority to the optimization of all the reaction rates and not
prioritizing those of greater magnitude as has been done for the moment. The functions of the three

reactions studied for model A4 are shown below:

(kl + k3)CSOH

_TSOH = (Eq. 5.5. 7)
(1 + Kiasr Cra—st + Kos_s7 Cos_s7 + Kip - Cip + Ky - CW)
C
kz ' (61,4-—ST - ﬁ)
i = Eq. 5.5.8
' (1 + K1,4—ST ' Cl,4—ST + KZ,S—ST ’ CZ,S—ST + Kip - Cip + Ky CW) ( 9 )
ky-C
T2,5-sT = e (Eq. 5.5.9)

(1 + K457 Crast + Kos_s7 - Cos_sr + Kip - Cip + Ky - CW)
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Finally, the variations of the kinetic and adsorption constants were obtained with respect

to the temperature range studied. Figure 17 shows the variation of these constants for both models.

A4 A1

k1 k1

k2 k2

k3 k3

In(k) (molih-kg)
In(k) (molih-kg)

0 0
00021 0002 00023 00024 00021 0.0022 0.0023 0.0024
T (1K) 1T (1K)

FIGURE 17. Arrhenius plot of the kinetic terms for reactions R1, R2 and R3 for models A4 and A11.

In these graphs it was observed that the kinetic constant of the reaction that shows the
greatest dependence on temperature is R2 while R3 has the least influence. From the parameter
kit (Eq. 4.7.7) the apparent activation energies for the three reactions were obtained (k;r =

—E, ;/R). Table 12 summarizes the energies obtained for the two models described above.

TABLE 12. Apparent activation energies for dehydration reactions.

MODEL E'at (kJ/mol) E'a. (kJ/imol) E'as (kJ/mol)
A4 123.1 178.9 69.2
A11 122.4 180.6 70.3

In the recently published study, the activation energy values are as follows: 117.38 kJ
mol-1, 137.56 kJ mol' and 139.89 kJ mol* for reactions R1, R2 and R3, respectively.3* The
activation energy values for the first two reactions show the same trend, reaction R1 has lower
magnitude than R2. However, for the formation of the byproduct (R3) the activation energy value
is twice the literature value. This is probably due to the generalized bad fit of R3. To solve this
difference, equal importance should be given to all three reactions as discussed above. On the
other hand, the parameters are generally larger due to the lack of normalization on the level of

importance of the reactions and the magnitudes of reaction rates.
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6. CONCLUSIONS

It was demonstrated that the synthesis of isosorbide from sorbitol in aqueous media is
possible. The study was carried out in a temperature range between 150 - 190 °C from which
isosorbide yields between 20 - 60 % were obtained, respectively. Furthermore, it was concluded
that the reaction mechanism is composed of two dehydrations in series-parallel where, in the first
reaction step, the by-product 2,5-sorbitan is generated. Its formation interferes with the yield of the
target product. Of the two stages, the second dehydration would be the determining stage of the

reaction.

The kinetic study was performed under experimental conditions where the effects of ETM,
ITM and catalytic loading were minimal. Thus, the rate limiting stage of the reaction was the surface
reaction. The reactions were considered to be pseudo first order. Furthermore, it was decided that
the first dehydration stage (R1 and R3) exhibited irreversible behavior while the second dehydration
was reversible. In order to obtain satisfactory kinetic models for the reaction network studied, a
series of kinetic equations were proposed and fitted to the experimental data. These kinetic
equations were expressed in terms of concentrations and based on the LHHW and ER formalisms.
Of all the models analyzed, the models that considered the fraction of unoccupied sites relevant
(model A) fitted better than those that considered it negligible (model B). Of the type A models, the
two best fitting models were obtained: the one that considered that 1,4-ST, 2,5-ST and W contribute
to the adsorption term and the one that considered these species plus IB. The study carried out is

approximate, so the parameters obtained are considered indicative.
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. RECOMMENDATIONS FOR FUTURE WORK

To evaluate different objective functions that can give equal relevance to the fitting of all
reactions since the use one gives priority to the consumption of sorbitol.

To perform a kinetic modelling by solving the involved differential equations of the rates of
reaction considered instead of minimizing the reaction rates.

To perform the kinetic modelling in terms of activities rather than in terms of concentrations
because the involved compounds are highly non-ideal.

To add the contribution of additional parameters, such as the resin-medium interaction, in

the model equations evaluated.
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8. NOTATION
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Adsorption equilibrium constant of species j, dimensionless
Apparent activation energy of the reaction i, kJ/mol
Binary parameter (value: 0, 1)

Calculed

Catalyst mass in dry basis, g

Concentration of species |, %

Eley-Rideal

Equilibrium constant of reaction i, dimensionless
Experimental

External Transfer of Matter

Greenhouse gases

High-Performance Liquid Chromatograph

Initial sorbitol mass, g

Internal Transfer of Matter

Isosorbide

Kinetic coefficient of reaction i, mol/h-kg
Langmuir-Hinshelwood-Hougen-Watson

Number of mol of species j, mol

Particle diameter, mm

Reaction rate of species i, mol/h-kg

Residual sum of squares

Selectivity of species j, %

Sorbian

Sorbian

Sorbitol

Sorbitol conversion, %

Standard molar enthalpy of adsorption of species j, kJ/mol
Standard molar entropy of adsorption of species j, kd/mol-K
Temperature, K

Water

Yield of species j, %
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APPENDIX 1: HPLC Calibration

To determine the concentration of the substances, present in the mixture, it is necessary

to calibrate the HPLC in order to know the relationship between the concentrations and the

chromatographic areas of the compounds. For this purpose, standards of known composition are

used to cover the range of possible concentrations present in the study. In addition, three analyses

of each standard are performed to evaluate the statistical dispersion. Table 13 shows the calibration

curves for sorbitol, isosorbide and sorbitans.

TABLE 13.Calibration curves for all the components of the SOH dehydration reaction system.

Component Equation R?
SOH C;=(187-107°+13-107"°) -t +(3.19-107* £ 1.3-1073) 0,994
1B C=(195-10"°+1.1-107"°) -t + (7.56 - 10™* £ 5.2-107*) 0,990
ST C=(1.81-10"°4+1-1071%) -t + (748-107* £ 6,7-107%) 0,995

It was decided to use the chromatographic areas and not the percent areas to obtain the

calibration due to the formation of water after the two dehydrations. Since the HPLC mobile phase

was water as well, it was impossible to analyze how much water was formed. That made it

impossible to use the percent area. In addition, 2,5-sorbitan could not be found so the calibration

of 1,4-sorbitan was used for this species since both are isomers.
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APPENDIX 2: Cleaning of the experimental system

After the last sample was extracted, the stirring and heating system was stopped. The
reactor was allowed to cool, the system was depressurized and the 3 safety screws were
unscrewed. The reaction mixture was filtered to separate it from the catalyst and collected in two
different vials. The reactor was cleaned with deionized water and dried. Next, the catalyst injection
was checked for completeness. Then the internal accessories were cleaned. First, the solution
residues are removed from the sampling circuit and then the reactor is cleaned with water. To do
this, the reactor was filled with deionized water and the heating and stirring systems were turned
on to flush out the remaining mixture. The water was pressurized and extracted through the
sampling circuit. The extracted water was collected in an Erlenmeyer flask. Finally, the heating
system was turned off to cool the reactor, the heating element was removed and the reactor was

taken out. The reactor was cleaned with acetone and dried with synthetic air.
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APPENDIX 3: Parity plots of the 56 kinetic models studied
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