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Abstract

Abstract

The increasing demand of raw materials and the risk of sources depletion are
becoming the motivation for the development of new bio-based routes of synthesis of
chemicals. The use non-renewable natural resources, such as fossil fuels, and the
generation of greenhouse gases lead to severe environmental problems. However,
one of the challenges of using renewable biomass resources to produce building
molecules is to achieve an efficient and economically affordable purification step due
to the complexity of the mixture and high cost of separation. Separation processes
such as distillation and liquid-liquid extraction have been proposed to purify target
compounds from bio-based sources. However, the high energetic cost associated with
those processes is directing the current research towards the development of other
alternatives. Membrane technology appears in this context in the form of pervaporation
as a potential solution to minimize the energy consumption of the separation process.
Pervaporation achieves the separation of challenging liquid-liquid mixtures, except
non-volatile compounds. In this thesis, organic liquid mixtures from three model
transesterification reactions, typically performed in the production of bio-based
chemicals, were studied for the application of pervaporation separation, involving
commercial membranes, self-made PEEK membranes and supported ionic liquid

membranes.

The application of pervaporation for the separation of multicomponent mixtures may
involve coupling effects among components and the membrane, which could increase
or decrease the permeance of the target compound. The first organic mixtures from
two transesterification reactions, the transesterification reaction between methyl
acetate and butanol to produce methanol and butyl acetate (mixture 1), and the
transesterification reaction between methanol and ethyl acetate to produce ethanol
and methyl acetate (mixture 2), are studied for pervaporation separation. Both
reactions are of utmost interest in the chemical industry and present high cost of
separation due to the presence of azeotropic mixtures (i.e., methanol/methyl acetate;
butanol/butyl acetate; ethanol/ethyl acetate). The separation performance of four
commercial membranes (i.e., PERVAP 1255-30, PERVAP 4155-40, PERVAP 1255-
50, PERVAP 4155-80) from Sulzer Chemtech, Switzerland, is evaluated. The effect of

the feed concentration and the temperature on the separation performance was
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studied in terms of permeance and selectivity. Results from mixture M1 indicated that
the methanol is enriched in the permeates of the membranes 1255-30, 4155-40 and
1255-50 with a separation factor (methanol to butyl acetate) of 6-10. However, for the
membrane 4155-80, butanol is enriched in the permeate with a separation factor
(butanol to butyl acetate) around 7.5 at 40 °C. Since butanol is a reagent in the reaction,
there is not practical interest in using this membrane for the separation. Regarding
mixture M2, results showed that methanol is enriched in the permeate for all the
membranes. The separation factor (methanol to ethyl acetate) can reach 4.5-9.5.
These commercial membranes can be successfully applied in the separation of
methanol from mixture M2. Coupling effects were observed when the permeance of
pure solvents was compared with that of the components in the mixture. The coupling
effects were analyzed by the Hansen solubility approach. It is proved that Hansen
solubility parameters is a useful tool to predict potential coupling effects.

In addition, glycerol carbonate is a platform molecule with a large range of applications.
It can be synthesized from glycerol by transesterification with dimethyl carbonate,
which is considered a bio-based path of synthesis since glycerol is generated during
the production of biodiesel. The purification of the reaction products is quite challenging
and costly using conventional separation technology, since methanol (by-product) and
dimethyl carbonate (in excess) form an azeotropic mixture. In this thesis, pervaporation
is presented as a technological alternative to separate the multicomponent mixture
composed of methanol, glycerol, dimethyl carbonate and glycerol carbonate, i.e.,
reactants and products of the reaction of synthesis of glycerol carbonate. The
separation performance of the four commercial membranes PERVAP 1255-30,
PERVAP 4155-40, PERVAP 1255-50, PERVAP 4155-80 from Sulzer Chemtech,
Switzerland, were evaluated. The effect of temperature (30°C, 45°C, and 60°C +2 °C)
on the separation performance was also studied in terms of transmembrane flux,
separation factor, permeance and selectivity. Results show that the membranes
cannot permeate glycerol and glycerol carbonate (not detected in the permeate), and
permeate methanol and dimethyl carbonate, with higher selectivity for methanol
(around 6, methanol to DMC for the membrane 1255-50 at 45 °C). In addition, the
performance of pervaporation separation was compared with that obtained by

distillation via the McCabe-Thiele diagram, showing the technical advantage of
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pervaporation. It proves that pervaporation has a better efficiency compared to simple

flash distillation.

The PVA commercial membrane can only permeate DMC and methanol. Therefore, in
the following work, a dense membrane prepared by using a modified poly ether ether
ketone (PEEK-WC) polymer was studied for the pervaporation separation of a binary
mixture dimethyl carbonate (DMC) and methanol. Contact angle and mechanical
measurements were carried out to study the properties of the membrane as well as
SEM analysis to evaluate the surface morphology. The swelling degree of the
membrane was studied at different concentrations of methanol. Thus, the membrane
is more favorable to be swollen by DMC than methanol. When tested in a pervaporation
process by varying methanol concentration and feed temperature, the transmembrane
flux was found to be temperature dependent with a value of 0.14 kg/m?-h at low
concentration of methanol (10 mol%) with its highest separation factor being 13.4
(selective to methanol) at 30 °C. The flux increased with the increase of the
temperature, but the separation factor decreased. Using high concentration of
methanol resulted in a high permeance of DMC due to a dragging effect caused by
intermolecular interaction. Selectivity results showed that that the composition of the

mixture had a strong influence on the membrane performance.

Supported ionic liquid membranes (SILMs) may achieve better mass transport. Thus,
two supported ionic liquid membranes based on ionic liquids 1-octyl-3-methylimidazole
bis(triuvoromethanesulfonyl)imide  [OMIM][NTf2] and 1-octyl-1-methylpyrrolidine
bis(triuoromethanesulfonyl)imide [OMPyrr][NTf2] were prepared and studied for the
pervaporation separation of binary mixture dimethyl carbonate (DMC) and methanol.
The SEM analysis was carried out to evaluate the surface morphology of porous
membrane before and after impregnating and after their pervaporation separation
applications. When tested in a pervaporation separation process by varying methanol
concentration, the performance of SILMs was found to be highly concentration
dependent. At low concentration of methanol (0.2 molar fraction), the SILMs tend to
permeate DMC for both membranes. In general, The SILM based on [OMIM][NTfZ]
shows a better performance than that of [OMPyrr][NTf2]. The optimal transmembrane
flux of [OMIM][NTf2] based membrane was found with a value of 0.739 kg/m?-h, the
membrane is more selective to permeate DMC with a high selectivity of 67 and

separation factor 21 at 30 °C. At high concentration of methanol, the permeance of
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methanol increases due to dragging effects. However, the production cost of ionic
liquids may be a limitation for a real application, hence, an economic evaluation should

be further considered.
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List of abbreviation and symbols

List of abbreviations and symbols

M1: Mixture of Methyl acetate/Butanol//Butyl acetate/Methanol
M2: Mixture of Ethyl acetate/Methanol/Methyl acetate/Ethanol

M3: Mixture of Glycerol/Dimethyl carbonate/Glycerol carbonate/Methanol

A: the membrane active surface area (m?)

Ep: the permeation activation energy (J/mol)

E; p: is activation energy for diffusion (J/mol)

AGE: free energy of binary mixing (J/mol)

P{: vapor pressure (Pa)

AH; s: the heat of solution or enthalpy of dissolution (J)
J: the permeation flux (kg/m?-h)

Jo: pre-exponential factor

R: gas constant (8.314 J/mol-K)

R,: the distance between the solvent and the center of polymer solubility sphere
(MPa'?)

Ro: interaction radius of polymer

T: temperature (K).

At: the collecting time (h)

x;: mole fraction of each component

w: the weight of permeate (kg)

Sio and D; ,: temperature independent pre-exponential coefficients.
a: coefficient of thermal expansion (°C")
;. activity

a;/j: selectivity

Bi,;: separation factor

yi: activity coefficient

v: the volume fraction of the component in the binary phase,
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1.1 Context

Membrane technology has achieved widely applications for separation and purification,
such as in water treatment, food production and bio-chemical processes among others.
Membrane separation can be generally classified according to the driving force:
membrane separation with hydrostatic pressure difference as the driving force, such
as microfiltration, ultrafiltration, nanofiltration and reverse osmosis; membrane
separation with concentration differences as the driving force, such as dialysis, gas
separation, forward osmosis and pervaporation; and membrane separation with an
electrical potential difference as driving force, such as electrodialysis’. Among these,
pervaporation is a promising membrane-based technology for the separation of liquid
mixtures, in which vacuum is applied in the permeate side to enhance the driving force
for the separation (i.e., difference in partial pressure between the feed and permeate
sides). If compared to distillation or evaporation, pervaporation is a low energy
consumption process because the pervaporation separation mechanism is not based
on relative volatility as distillation. The separation depends on the interaction of
permeants and membrane materials and only a fraction of the permeants permeate
through the membrane with a phase transition (liquid to vapor)?3. Hence, lower energy
consumption is required compared to distillation. In addition, pervaporation can also
work at the temperature which is the optimal temperature for reaction*. Several studies
have already confirmed the energetic advantage when using pervaporation instead of
distillation, as stand-alone technology or in hybrid processes®. In addition, if compared
to solvent extraction, which may be considered a low energy consumption process as
well, it does not involve the use of toxic and/or flammable and usually expensive
solvents. Pervaporation has been applied to different areas, such as organic-organic
separations®, waste water treatment’, esterification reactions®® or alcohol

dehydration°.

Pervaporation technology has been proposed in many studies as an alternative
technology to separate azeotrope mixtures because the separation is not based on the
thermodynamic liquid-vapour equilibrium but only depends on the interaction of the
membrane and the permeants. The membrane provides selectivity for the compounds
and determines which compounds can diffuse through it according to their affinity with
the membrane. The driving force is then the gradient of chemical potential on both
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sides of the membrane. Hence, the sorption and diffusion of components within the
membrane determines the permeate composition’'. In addition, if pervaporation is
integrated with equilibrium-limited reactions, it can improve the reaction yield via the
selective removal of one of the products in the reaction mixture, thereby shifting the
reaction equilibrium according to the principle of Le Chéatelier-Braun. The integration of
reaction and membrane separation has been extensively described by Van der
Bruggen'?. These are alternatives to reactive distillation, in which the reaction and
separation are also integrated. However, in reactive distillation, the separation is
carried out in a traditional way using a distillation column. It is generally not the most
straightforward solution because most systems of practical interest contain binary and
ternary azeotropes. In addition, even when the intrinsic challenges related to the
mixtures involved can be solved, reactive distillation still has the fundamental
disadvantage that energy requirements related to the separation are high. Thus, novel

separation processes should be developed.

Pervaporation has thus emerged as a straightforward technology to separate streams
produced during biochemical conversions, such as the production of bio-ethanol. Many
studies have focused on the use of pervaporation for esterification reactions. The idea
of using a pervaporation module to remove water from an esterification reaction was
suggested for the first time in 1988 by Kita et al.'3. The usual pathway to produce an
ester is through the reaction of an acid and an alcohol, with water as the by-product.
These are equilibrium reactions in which a (nearly) complete conversion can be
obtained by selectively removing water through a hydrophilic pervaporation membrane.
The separation of water from a mixture of organic compounds is relatively
undemanding, because it is similar to the most developed application of pervaporation,
i.e., solvent dehydration. Many reactions, usually esterification reactions, have been
studied in this context during the last decade'. The most reported esterification
reaction by far is the reaction of ethanol with acetic acid to yield ethyl acetate and
water'®1®. However, a challenge in which pervaporation is being developed is for
transesterification reactions. In this case, the separation is between an ester and an
alcohol (in the reaction medium), which is a difficult organic-organic separation that
currently is being done by reactive distillation, at high cost. These reactions are
important in, for example, the production of biodiesel. Reactive distillation has been

studied and experimented already in an early stage'”. It has been shown that reactive
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distillation alone may not lead to a full conversion for reactions with low reaction rate'®.
Using pervaporation in transesterification reactions is a niche of current research'%2%

21 and it is the main motivation of this thesis.

1.2 Motivation and scope of the thesis
1.2.1 Transesterification reactions

Transesterification reactions have been extensively studied in both laboratory and
industry. A transesterification reaction involves the displacement of an organic group
of an alcohol with an organic group of an ester??. Transesterification reactions are thus
common in the synthesis of esters and can be expressed by the following general

reaction equation:

Catalyst

RCOOR' + RZOH — RCOORZ+ R'OH
Ester Alcohol Ester Alcohol

The development of renewable energy sources is critical throughout the globe because
of the energy crisis caused by the depletion of petroleum reserves and the
environmental concerns associated with CO2 emissions. Nowadays, biofuels, mainly
biodiesel and bioethanol production are important sources of bioenergy, which are
attracting great interest as alternative energy sources derived from biomass, and they
have been growing dramatically as a sulfur-free, non-toxic and biodegradable additive
for fuels?3. The transesterification process of plants, vegetable oil, animal fats or dairy
waste scum has been widely studied as alternative routes to obtain biodiesel, a mixture
of fatty acid methyl/ethyl esters?4-26.

In order to advance in the understanding of organic-organic separations using
pervaporation, three model transesterification reactions are studied in this thesis: i) the
reaction between methyl acetate and n-butanol to produce n-butyl acetate, with
methanol as by-product, ii) the reaction between methanol and ethyl acetate to
produce methyl acetate, with ethanol as by-product, and iii) the reaction of glycerol and

dimethyl carbonate (DMC) to produce glycerol carbonate, with methanol as by-product.
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Reaction 1: transesterification reaction of methyl acetate and n-butanol to yield n-butyl

acetate and methanol:

@ o)
C CH i
H3C/ \O/ 3 4 /\/\OH )‘I\O/\/\ £ 'l|

Methyl acetate n-Butanol n-Butyl acetate Methanol

Reaction 2: transesterification of ethyl acetate and methanol to produce methyl acetate

and ethanol:
0 ! i H 1
)l\ + H—C—OH _ C. CH. + H-C-C-O-H
3
o ! = H,C” 07 H OH
Ethyl acetate Methanol Methyl acetate Ethanol

Reaction 3: Transesterification reaction of glycerol and dimethyl carbonate to produce
glycerol carbonate. Methanol is considered byproduct in this reaction:

O
OH O L N
S o 0 —C—
Ho A _or + H COJ\OCH = 7 o
g 3 OH H
Glycerol Dimethyl carbonate Glycerol carbonate 2 Methanol

Reactions 1 and 2 are characterized by a low conversion (chemical equilibrium
constant close to unity) and the formation of two pairs of azeotropes: methyl
acetate/methanol and butanol/butyl acetate in reaction 1, and methyl acetate/methanol
and ethyl acetate/ethanol in reaction 2. Due to the high cost of separation by means of
conventional methods such as distillation, pervaporation seems to be a more effective

approach to consider.

Reaction 1 has been the focus of attention of several researchers since the product
butyl acetate is an important and useful solvent for various applications, e.g., paint and
coating manufacture and lacquer industry, and methanol is the feedstock of poly-vinyl-
alcohol. For example, Jimenez et al.?” evaluated the recovery of a mixture of methanol

and 30 wt% methyl acetate from the poly(vinyl alcohol) process. This mixture was
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concentrated to ~ 80 wt% methyl acetate, then it was reacted with n-butanol to produce
butyl acetate by reactive distillation. O-xylene is applied as an entrainer in order to
overcome the azeotrope. By combining reactive distillation and extractive distillation, a
high purity of butyl acetate and high conversion of n-butanol can be achieved, however,
this approach showed no economic advantage''.

Reaction 2 is considered as a model reaction for the development of different catalysts
for transesterification reactions®-3°, In this reaction, the product methyl acetate is one
of the compounds in the production of biodiesel. In addition, this transesterification
reaction contains a quaternary organic mixture with two azeotropes (methyl
acetate/methanol and ethyl acetate/ethanol), thus, pressure swing distillation has been
proposed for breaking the azeotropes and achieving separation3'32. This process
requires two distillation columns in which the components of the feed stream and
recycle stream from the second column are separated at a specific pressure at the first
column. Then, the azeotropic mixture at the bottom is separated by a second column
that operates at a different pressure. This technique consumes a lot of energy and

presents high capital costs.

Reaction 3 is of great interest in the chemical industry because glycerol can be an
inexpensive bio-based product from the production of biodiesel. The production of
biodiesel in 2006 reached 6.5 million m3 33, As a consequence, the production of
biobased glycerol - a co-product of biodiesel production, representing 10 wt% of the
total its production3-3¢ — has also encountered a massive increase, leading to a
dramatic decrease of its value in the market from 900-950 USD/ton in 2013 to 240
USD/ton in 201437, Extensive research has been performed to convert glycerol into
other value-added chemicals such as 1,3-propanediol, polyglycerols, polyurethanes,
lactates, acrolein or bioethanol®®-44. Glycerol carbonate is one of these products and
can be extremely valuable because of its low toxicity, good water solubility and
biodegradability, and it can also be used as an intermediate for the production of other
chemicals. Some of its applications include: solvent in the manufacture of cosmetics
and pharmaceutics, lubricating oil, solvent in lithium ion batteries and surfactant*546.
Different routes can lead to the synthesis of glycerol carbonate and they have been
reviewed recently*®. For example, glycerol carbonate can be prepared from glycerol
and phosgene using metallic catalysts, but this process is obviously difficult to

implement due to toxicity issues*’. Another route consists in a carbonation reaction

6
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between urea and glycerol under low pressure (40-50 mbar) to shift the equilibrium
and generate glycerol carbonate. The separation of the by-product ammonia is then
necessary*8. Glycerol can also react with CO2 using zeolite/Sn catalysts to obtain
glycerol carbonate, but the conversion is low (max. 32% with catalyst Purosiv)*°. Finally,
one direct way to produce glycerol carbonate is via a transesterification reaction of
glycerol generally using either ethylene carbonate or dimethyl carbonate as reactants.
When the former compound is used®®5', the separation can be difficult because the
by-product (ethylene glycol) has high boiling point (197.3 °C)%2. On the other hand, the
use of dimethyl carbonate (DMC) leads to methanol as a by-product, as indicated by
Reaction 3% |t is a simple route to produce glycerol carbonate, and dimethyl
carbonate is a renewable green chemical with environmentally sustainable
applications®'-63. Since it is a transesterification reaction, the production yield is
enhanced by using an excess of dimethyl carbonate. The boiling point of dimethyl
carbonate and methanol is 90.3 °C and 64.7 °C, respectively. Thus, the use of
distillation as a separation method seems to be more appealing here than for the
process for glycerol carbonate synthesis involving ethylene carbonate (b.p. 243°C
under atmospheric pressure) and ethylene glycol (197.3°C). In this case, however, the
major challenge is the formation of an azeotropic mixture at a composition ratio of
30/70 (wt%/wt%)in DMC/methanol, making distillation energetically very unfavourable.
The separation of this reaction mixture has been studied by using azeotropic
distillation®4, reactive distillation and extractive distillation®. The summarizing of the
chemical structure and relevant properties of the mixture components and membrane

materials are given in Appendix A1.1 and A1.2.
1.2.2 Challenge of pervaporation in organic-organic separation

The application of pervaporation to separate azeotropic mixtures has been studied and
its technical feasibility is proved®®. In pervaporation, the membrane is a selective
barrier that determines which molecules can pass through. The interaction between
the molecules and the membrane results in the solubility and diffusivity of the
component and determines if the molecules can pass through the membrane from the
feed side to the permeate side. Hence, the presence of an azeotrope has no impact
on the separation due to its different separation mechanism compared with distillation®”.
However, the separation of organic-organic mixtures by using pervaporation is still a

challenge when it comes to finding membranes able to separate two similar organic

7
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compounds. One of the reasons of the poor selectivity of the membranes for organic-
organic mixtures is caused by coupling effects. The transport mechanism of solution-
diffusion can be considered for pervaporation, consisting of three stages: 1) the
molecules are adsorbed on the membrane at the feed side, 2) the molecules diffuse
through the membrane, and 3) the molecules are desorbed as vapor phase at the
permeate side®®. Therefore, the permeation can be described in terms of solubility
and diffusivity. The solubility is a thermodynamic property. In multi-component
mixtures, there are interactions that influence activity coefficients between each
component, and interactions between each component and the membrane®®. These
will affect the amount of each component present in the membrane. The driving force
is calculated from the activity coefficient and mole fraction of the component in the
feed liquid’®. According to the work by Binning et al.”!, the polymer film under
permeation can be divided in two zones: the solution phase zone and the vapor phase
zone. Selectivity in separating mixtures occurs at the two interfaces. The phase
transition from liquid phase to vapor phase takes place within the polymer film.
Therefore, the activity coefficient and mole fraction of the component liquid inside the
membrane are different from those in the feed liquid due to the interaction between
the component and membrane material. Hence, the real activity coefficients located
at the interface of solution phase zone and vapor phase zone should be taken into
account. As a result, the interface of a liquid phase and a vapor phase inside the
membrane will affect this driving force. However, most of the recent research is
assuming that the activity coefficients of the feed solution can be applied without taking
the interaction between the solution and polymer into account. On the other hand,
diffusivity is a kinetic property. When one component diffuses through the membrane
faster than other components, a drag effect may occur. Fast compounds can drag
slow compounds diffusing together through the membrane, leading to coupling
effects. A mutual drag coefficient can be introduced to describe two coupled diffusion
flows”. However, preferential sorption is the prerequisite to the preferential
permeation’3. Hence, the solubility factor plays an important role on the performance
of pervaporation polymeric membranes. The Hansen solubility parameters approach
is a useful method to predict the solubility behavior of the solvent and polymers. For
instance, the solubility of polymer and pure substance can be predicted by the
Hansen solubility parameter to select appropriate solvent. In the literature”™ 7,
Hansen solubility parameters have been used extensively for the interpretation the
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interaction and affinity between polymer and penetrants. Only data of the interaction
of pure components were used and compared for the interpretation of coupling effects.
Actually, the solubility of pure solvent and mixture may be different. The study of
solubility parameter of mixture is missing. In this work, a detailed study is carried out
in order to determine how the differences in solubility of a mixture and a pure

substance influence the performance of pervaporation process.

The measurement of coupling effects is difficult due to coupled fluxes, in which the
presence of one component can affect the transport rate of the other®. Therefore,
many studies have been carried out for binary’” or ternary’® systems, but the studies
of multicomponent mixtures with four components’ are scarce. Research results
show that coupling effects are different in different scenarios. For example, She et
al.8%bserved no coupling effects in pervaporation of dilute flavor organics. However,
Raisi et al.?' found that coupling effects cannot be neglected when the presence of
some aroma compounds has influence on the permeation of other aroma compounds.
The pervaporation performance of alcohol - ester mixtures has been investigated by
Luis et al.'®82. However, coupling effects are not systematically studied. Thus, a deeper
understanding of when and how coupling effects take place in organic-organic mixture

is important.

Therefore, in this thesis, a depth study of the separation of binary and quaternary
mixtures involved in the transesterification reactions indicated above using
pervaporation is performed. Different membranes are studied, including commercial
membranes intended for organic-organic separations as well as self-made membranes.
The synthesized membranes were made of modified poly ether ether ketone (poly(oxa-
p-phenilene-3,3-phthalido-p-phenylene-oxy-phenylene), tested with the binary mixture
dimethyl carbonate and methanol. Furthermore, supported ionic liquid membranes
were also prepared aiming at decreasing the mass transfer resistance caused by the

membrane while increasing the selectivity of the latter binary mixture.
1.3 Theory to describe coupling effects

1.3.1 Hansen solubility theory

In order to describe coupling effects, the Hansen solubility theory is applied in this

thesis. Hansen®3 proposed an approach based on solubility parameters to predict the
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solubility of components into a polymer. In pervaporation, Hansen solubility
parameters are used for studying the interaction between molecules and the
membrane material and their affinity, which have been widely applied in the selection
of materials for membranes. The basis of the approach is to introduce three main
parameters: a dispersion component, a polar component and a hydrogen bonding
component, leading to a three dimensional space that is represented by a sphere.
The center of the sphere is determined by the Hansen solubility parameters of the
polymer and the radius of the sphere is called interaction radius, which is typically
determined experimentally and reported in the literature®*. In this way, a spherical
solubility region is developed in the three dimensional space. A component can be
more favorable to be sorbed by the membrane if the solubility parameters of the

component is located in three dimensional sphere of the membrane material.

A polymer may be soluble in a solvent or blend solvent (mixture) if the Hansen
solubility parameters of the solvent are located inside the polymer solubility sphere.
The distance of the pure solvent or a mixture of solvents from the center of the

polymer solubility sphere is calculated by following equation®:
1/2
R, = [4(5Ds - 5Dp)2 + (6ps — 5Pp)2 + (6us — 5Hp)2] (1-1)

where R, is the distance between the solvent and the center of polymer solubility
sphere (MPa'?), and § refers to the Hansen solubility parameters. The first subscript,
D, P and H, refer to the Hansen component: dispersion component, polar component
and hydrogen bonding component, respectively; the second subscript, s and p, refer
to the solvent and polymer, respectively. The difference of solubility parameters Ad (s-
p) Should be smaller than the interaction radius of polymer (Ro), then the solute could
be sorbed by this polymer. The applied Sulzer commercial membranes in this work
is polyvinyl alcohol, the interaction radius of polyvinyl alcohol is 10.9. The
representation of Hansen solubility parameters in the 3D space is shown in Figure
1-1.
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Figure 1-1. Representation of Hansen solubility parameters in the 3D space

For liquids, the change of Hansen solubility parameters due to the temperature effect
can be calculated by Eq. (1-2) to (1-4) 84

s,
b _ _ - 1-2
- 1.25-a- &) (1-2)
dsp (1-3)
ﬁ =—-05« 5p
ds ]
d—y’f = =8, (1.22x 1073 + 0.5 q) (1-4)

where «a is the coefficient of thermal expansion (°C").

The Hansen solubility parameters of the blended solvents were estimated by Eq. (1-

5), suggested by Barton et al.8 for calculating Hildebrand solubility parameters:

8 = Z iSki (1-5)

the subscripts k indicate the D, P and H Hansen components (dispersion component,
polar component and hydrogen bonding component, respectively). ¢; is the volume

fraction of the different pure solvents in the mixture.

The Hansen solubility parameters play an important role in the analysis of the
interactions between the membrane polymer material and solvents since the solubility
parameters of pure components and their mixtures are completely different. A pure

component rejected by a membrane can be present in the permeate when the feed
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solution is a mixture due to the change of solubility properties, resulting in coupling
effects®. Therefore, the variation of solubility parameters caused by different

compositions in the feed mixture is not negligible.
1.3.2 Flory-Huggins solution theory

The difference of the activity of the components within the membrane has a
contribution in causing coupling effects®. The Flory-Huggins solution theory can be
used to estimate the liquid-liquid and liquid-membrane interactions. The Flory-
Huggins theory has been extended to multiple components. The Gibbs free energy

of mixing is calculated as follows®”:
AG @,
i i j<i i

The activity coefficient of a component can be derived as:

@,
Iny; = ln;+ 1

L

n (I) n n n
—-my ZEJ—Z D;xij + ZZXjk D,
j=1 J ]:1

J=1k>j

(1-7)

Since the mixture is a quaternary system, indices 1-4 indicates four components in
the mixture and 5 indicates the membrane-polymer (PVA). Thus, i refers to 5
components, x; is the mole fraction of each component. m; is the characteristic size
of component j, which is related to the degree of polymerization. ¢,-¢5 is the mole

fractions on a segment basis, it is calculated by:

W;U;

2 Wi

(1-8)

i

where v is the specific volume (m3®/kg) and w is the mass fraction.
Therefore, the activity can be calculated as:

a; = XiY; (1-9)
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The above equations show that the activity of a component within the membrane is
affected by the interaction between each component and the component-membrane

material.

For the binary interaction between solvents, the interaction parameter y;; is
temperature dependent and it can be calculated by’3
AGE

%2y xin 4 (1-10)
xl-v]- t U; J Uj RT

Xij =

where x is the mole fraction of a component in the binary phase, v is the volume
fraction of the component in the binary phase, AGE is the excess free energy of binary

mixing (J/mol).
1.3.3 Kamlet-Taft solvation parameters

Kamlet-Taft solvation parameters describe the dipolarity-polarizability of the solvents®®.
It contains three parameters: a« hydrogen bond donor,  hydrogen bond acceptor and
n* dipolarity/polarizability. It shows the structural and physicochemical properties of

ionic liquids and solvents.
1.4 Membrane performance evaluation

The membrane performance is evaluated by the transmembrane flux, separation factor,
permeance and selectivity. During the experiment, the transmembrane flux is
determined by weighing the mass of permeate over time by using a balance with
precision of 10# g (Mettler-Toledo, AE200, Belgium). The transmembrane flux J

(kg/m?-h) was determined by the following equation:

J= (1-11)

where A is the membrane active surface area (m?), At is the collecting time (h) and w
is the weight of permeate (kg).

The concentration in the feed and permeate can be measured by analytical methods,
such as gas chromatography. Therefore, the experimental flux for each component

(J;) can be determined by following equation®:
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Ji=TXYyi (1-12)

where y; is the molar fraction component j in the permeate side.

P.
The permeance, TL can be calculated as follows:

Py Ji
l

=(xi><Vi><Pi0—)’i><Pp) (1-13)

Eq. 1-13 shows that the permeance is calculated by dividing the molar flux by the
driving force. Therefore, the impact of driving force is removed and the membrane
performance can be evaluated. The permeance is typically expressed in GPU (1
GPU=1x10% cm? (STP)/(cm?s cmHg)=7.5005%10-2 m s' Pa™").

The activity coefficient of each component y; and the vapor pressure P? were
calculated by Aspen Plus. The total pressure at the permeate side P, is determined
experimentally during the experiment. The composition of the permeate (y;) and feed

(x;) solutions are determined by gas chromatography (see section 3.6).

The separation factor ;,; is defined as the ratio between the molar concentration of

each component (j, j) in the permeate (y;, y;) and feed (x;, x;) solutions:
(1-14)

As the transmembrane flux and separation factor are influenced by the operation
conditions, such as feed concentration, permeate pressure and feed temperature, the
transmembrane flux and separation factor cannot reflect the affinity between molecules
and membrane materials. Therefore, permeability or permeance and selectivity are
introduced in order to eliminate the impact of the driving force”™. As a result, these

parameters are related to the intrinsic separation properties of the membrane.

The selectivity a;,; of the membrane is given by the ratio of permeances (or
permeabilities):

P/l P,

=g =7 (1-15)
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If the value of «;,; is larger than 1, it indicates that the membrane is more favourable

to permeate component i than component j'°.

The temperature effect on the transmembrane flux can be investigated by an
Arrhenius-type equation:

Ep
= - 1-16
] = Joexp (- o) (1-16)
which can be also written as
Ep
S 1-17
In/p RT + Inj, ( )

where Ep is the permeation activation energy (J/mol) and J is the permeation flux
(kg/m?-h), J, is the pre-exponential factor, R is the gas constant (8.314 J/mol-K) and
T is temperature (K). Ep and J, can be calculated graphically through the fitting In/p
vs. 1/T.

The transport rate of the permeant passing through the membrane depends on
sorption and diffusion according to the solution-diffusion model, therefore, the

permeability is the product of the diffusion coefficient and the sorption coefficient?®:
Pi :Di XSL' (1'18)

where D; and S; are the diffusion coefficient and solubility coefficients of component i
in the membrane, respectively. Both of them are temperature dependent. Considering

an Arrhenius-type equation, they are expressed by?:

—AH:

Si = Si0exp(—r) (1-19)
—FE.

D; = Djoexp(—) (1-20)

where S;, and D; , are temperature-independent pre-exponential coefficients. AH; s is
the heat of solution or enthalpy of dissolution. E; , is activation energy for diffusion.

Using equation P; = D; X S;
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Eip+ AHL-,S)

o (1-21)

P; = D;S;pexp(—

Therefore, the activation energy of permeation is expressed by the following equation
90-

Eip=E;p+AH;g (1-22)

The increase of temperature improves diffusion; therefore, the activation energy of
diffusion E; p is usually positive. This is the energy to produce free volume between the
polymer chains, which allows the permeant molecule to diffuse through and jump from
one created free volume to another®’. The heat of solution is the heat generated or
absorbed during the sorption process, which also depends on the sorption
mechanisms dominated during the sorption process®. If the sorption follows Henry’s
law, the sorption process will be endothermic because a site has to be formed before
the molecule can be sorbed by that site. Otherwise, in the case of Langmuir sorption,
the molecule can be sorbed by a site that already exists in the polymer matrix and
presents exothermic sorption. A low activation energy indicates that the molecules

have to overcome a low energy barrier for the permeation through the membrane.

In order to evaluate the temperature effect on the permeance, an Arrhenius-type
equation is applied as follows®:

P, P 1000 x Ea)
K Y X La

= —— X exp(— RT

l (1-23)

where P;/l is the permeance of the component j, P; ../ is the pre-exponential factor of
permeance and E, is the activation energy. The effect of temperature on the
permeance is estimated in terms of the activation energy. From the equations above,
it can be observed that an increase of temperature accelerates diffusion and, as a

consequence, the activation energy of diffusion E; ;, is usually positive.

1.5 Objective and research questions

The general objective of this thesis is to separate organic liquid mixtures from

transesterification reactions using pervaporation, understanding the mechanisms
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behind the separation, such as sorption and diffusion through the membrane and

possible coupling effects. The study focuses on the following objectives:

1. Development of an in-depth experimental study of the separation of products
and/or reagents in three model transesterification reactions as mentioned in
section 1.2, and determination of the potential application of pervaporation as
stand-alone technology using current commercial membranes.

2. Development of novel polymeric membranes as well as supported liquid
membranes and experimental determination of the pervaporation performance.

3. Investigating the coupling effect resulting from the interaction among liquid

molecules and between those and the membrane material.
In this thesis, the following research questions have been proposed:

- Are commercial membranes able to achieve the separation of the studied

transesterification mixtures?

- Do PEEK-based membranes have appropriate properties and high performance for

the separation of the studied mixtures?
- What is the effect of the temperature and feed composition on the flux and selectivity?

- Is it possible to apply theories based on solubility parameters, which is commonly

used in material screening, to predict potential coupling effects in the separation?
- Does the intermolecular interaction have impact on the permeation behaviour?

- How is the performance of novel supported ionic liquid membranes compared to
available membranes in the literature for the separation of methanol/DMC?

1.6 Thesis outline

The content of this thesis is organized as follows: Chapter 1 represents the general
introduction and objectives of this thesis. Chapter 2 is a literature study on
pervaporation separation of organic liquid mixtures in the context of bio-based
applications. The motivation of this chapter is to have an overview of the application of
pervaporation in this field, including the important factors affecting on pervaporation

separation performance, membrane materials and application of pervaporation
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(distillation pervaporation hybrid processes and reaction pervaporation hybrid
processes). Chapter 3 describes the experimental set-up, materials, analytical
methods, calculation of performance parameters, preparation of PEEK-based
membranes and supported ionic liquid membranes and experimental procedures. In
Chapter 4, the application of pervaporation in the production of butyl acetate and
methyl acetate is shown, using current novel commercial membranes. The impact of
coupling effects in organic-organic separation was investigated. Chapter 5 presents
the study of the application of commercial membranes on the separation of a
quaternary mixture resulting from the synthesis of glycerol carbonate. The obtained
permeate only contains dimethyl carbonate and methanol. Therefore, in Chapter 6, the
separation of binary organic mixture, dimethyl carbonate and methanol, is studied. In
this case, a novel type of PEEK membrane is introduced, because the literature
suggests that it could be a suitable material for permeating methanol. In addition, in
order to have improved mass transfer, supported ionic liquid membranes (SILMs) were
introduced. Chapter 7 illustrates the performance of SILMs for the separation of the
binary mixture dimethyl carbonate/methanol. Chapter 8 gives a general conclusion of
this work and suggests future work and perspectives.
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Chapter 2. Literature review

Based on:

Wenqi Li, Julien Estager, Jean-Christophe M. Monbaliu, Damien P. Debecker, Patricia

Luis, Separation of bio-based chemicals using pervaporation: a review.
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2.1 Introduction

With the increase of population and economic development, the sustainable demand
of raw materials across the world becomes a key challenge for the future. In 2015, five
priorities for the UN Sustainable Development Goals were mentioned in order to
implement the 17 sustainable development Goals®3. Climate change is one of the main
priorities, thus, research on the substitution of crude oil has been carried out since the
late 90s due to the price hiking®*. Recently, there are many efforts to develop new
technologies to produce renewable resources in order to replace petroleum-based
materials. The ultimate goal is to ensure a sustainable future while protecting the

environment and reducing pollution.

The application of non-renewable natural resources, such as fossil fuels, is classified
in two categories: energy applications and non-energy applications®. The typical
example of energy applications is power generation from fossil fuels, which has led to
a rapid growth in greenhouse gas emissions. On the other hand, non-energy
applications are mainly those oriented to the synthesis of organic chemicals and
polymers of great importance to our daily life due to their wide use. These materials
can be used in electronics, packaging, construction, sports industry, textile industry,
pharmaceutical industry, plastics industry, food industry, etc. The majority of organic
chemicals and polymers are refined from non-renewable natural resources to produce
ethylene, ammonia, methanol, bitumen, lubricants, aromatics, etc. These products are
important building blocks and intermediates for further conversion to different specialty

chemicals with specific functions and attributes.

In 2000, the share of non-energy applications from non-renewable resources was 13.2%
in OCED countries®. In the work by Shen et al. (2009)%, it is concluded that 9% of all
fossil fuel and 16% of oil products are used for non-energy applications and around
330 million tons of feedstock chemicals and polymers of global petrochemical
production are produced every year. Thus, the use of renewable resources is a key to
decrease greenhouse gas emissions from non-renewable raw materials and prevent

climate change®.

In the report “Industrial material use of biomass basic data for Germany, Europe and

the World” elaborated by Achim et al.%, it is discussed that most of the feedstock of
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chemicals and polymers obtained from petrochemical production can be also derived
from renewable raw materials, such as starch, chemical pulp, proteins, glycerol, natural
fibers, medicinal plants, etc. These extracted or biochemical converted raw materials
can be applied in different fields, for instance, in the chemical industry, oleo-chemistry,
textile industry, pharmaceutical and cosmetics industry and so on. However, the
chemical feedstock of bio-based renewable raw materials is still not able to replace
those produced by petrochemical production, because the production cost is one of

the major concerns.

Biomass is a complex heterogeneous mixture of organics and inorganics that contains
all kinds of solids and liquids mixtures'’; a biorefinery is a facility to convert biomass
into a series of products, including bio-fuel, specialty chemicals and other valuable
intermediates’. This process can be analogous to traditional petroleum refinery,
which produces different types of fuels, energy and chemicals from crude oil'%. For
example, biodiesel may be produced from different natural sources, such as oils/fats
and alcohols, through a transesterification reaction with a base, acid or enzymatic

catalyst.

Among the entire processes, separation and purification of mixtures of bio-based
chemicals is of great importance to produce the chemicals with the desired purity level
for future applications in the industry. Many reactions, such as transesterification
reactions, produce multicomponent mixtures. It is necessary to have a separation
process to separate the desired chemicals from the mixture. The complexity of the
mixture and the separation can be a challenging task, not only technically but also
economically. Physical separations, evaporation, distillation, extraction, adsorption,
crystallization and membrane technology are nowadays major technologies for
separation. Membrane technology is one of the promising separation technologies due
to its low energy consumption and environmental friendly process. In addition,
membrane separation processes can be carried out at low temperature in order to

preserve temperature sensitive chemicals.

Among different types of membrane processes, pervaporation is a promising
technology for liquid-liquid separation: organic-water mixtures and organic-organic
solvent mixtures. The selective separation of organic mixtures is a challenging issue

in the chemical industry. Most industrial scale separation processes, such as
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conventional distillation, are energy intensive processes, and sometimes a large
quantity of waste is generated'3, Solvent extraction is a lower energy consumption
process, but the choice of the solvent has some specific requirements: toxicity,
flammability, selectivity and economy. Therefore, pervaporation has been considered
as an alternative solution because no additional solvents are required. It has been
applied for various mixtures, such as organic-organic separations®, waste water
treatment’, dehydration for esterification reactions®® and alcohol dehydration™. In
addition, pervaporation has been also combined with a reactor leading to a reaction-
separation hybrid process in order to improve the conversion of especially equilibrium-
limited reactions. The pervaporation membrane can selectively remove a product or
by-product from the reaction mixture, shifting the reaction to a higher production yield
based on Le Chatelier-Braum principle. Besides, pervaporation has the advantage of
separating azeotropic mixtures because the separation mechanism is not based on
the thermodynamic equilibrium but on the interaction between molecules and the
membrane material. Consequently, the separation performance of pervaporation

highly depends on the affinity of the molecules for the membrane materials.

Pervaporation membranes are commonly nonporous dense membranes that act as a
barrier to provide selectivity for the mixed compounds'. During the process, the liquid
feed mixture is transported by a pump and contacts the active layer of the membrane.
On the other side of the membrane, vacuum is applied in order to have larger driving
force. Therefore, the driving force of pervaporation is the difference of the gradient of
chemical potential on both sides of the membrane. A phase transformation, from liquid
phase to vapor phase, takes place inside the membrane. The molecules diffuse
through the membrane and then desorb on the permeate side. The solution-diffusion
model is widely employed to describe mass transport in pervaporation®®. It considers
three steps: sorption, diffusion and desorption. Many factors influence the mass
transport in pervaporation, such as temperature, membrane thickness, concentration,

etc.

In general, pervaporation separation has been studied widely. Different reviews on
pervaporation separation are available, which cover several aspects of pervaporation,
such as the use of polymeric membranes in pervaporation'®, pervaporation in
biorefinery applications'®, separation of organic-organic mixtures and pervaporation

on fermentation processes'®. In this literature study, the objective is to give a
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comprehensive overview on recent advances of the pervaporation separation of
renewable bio-based chemicals. A discussion on the pervaporation performance and
coupling effects during the separation is included, as well as the description of hybrid

processes in the separation of bio-based chemicals.
2.2 Fundamentals of pervaporation

Pervaporation is a separation process in which the membrane is in contact with a
homogeneous liquid (feed side) and vacuum is applied in the other side of the
membrane (permeate side). Differently to gas permeation, in pervaporation, the feed
is liquid and it is absorbed into the polymer membrane, thus, the membrane is partially
wetted by the solution, which may produce membrane swelling”". Figure 2-1 shows the
liquid phase zone and the vapor phase zone in the membrane when the membrane is

under operation.

The principle of membrane transport can be interpreted by two models. These two
models are the pore-flow model’®” and the solution-diffusion model'%®. The pore flow
model contains three steps: (1) The liquid transport from the pore inlet to the liquid-
vapor phase boundary; (2) the liquid evaporated at the phase boundary; (3) vapor
phase transport from the phase boundary to the pore outlet. This model is common to
describe the mass transport in porous membranes, such as ultrafiltration and
microfiltration membranes. For pervaporation, the solution-diffusion model is
extensively used'®. The solution-diffusion model consists of three steps as well: (1)
sorption of the penetrant molecules in the liquid at feed side of the surface of the
membrane; (2) the penetrant molecules diffuse through the membrane; and (3)
desorption of the permeate in vapor phase at the permeate side of the surface of the
membrane. Hence, the solution diffusion model is widely accepted and applied for the
interpretation of transport mechanisms in pervaporation as the chemical potential
gradient within the membrane is expressed by the concentration gradient. A detailed
derivation of equations of this model can be found in the work of Wijmans®8, It is
generally assumed that a thermodynamic equilibrium is present at the interface of
membrane and feed liquid. Thus, the transmembrane transport can be written as:

pS
Ji = Tl (Pio — Piv) (2-1)
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where J; is the partial flux of component i, PF is permeability coefficient, p;, is the
partial vapor pressure of i in equilibrium with the feed liquid. p; ,, is the pressure at the
permeate side. From the equation, it can be seen that the driving force can be
simplified by expressing it in terms of the difference of partial pressure across the
membrane. The vapor pressure of the components in the feed is an important factor to
determine the performance of permeation. The effect of pressure on the
transmembrane flux has been studied by Thompson: a higher transmembrane flux can

be obtained when the pressure in the permeate side is decreased'°.

Feed Side Polymer Film Permeate Side
(Liquid Phase) (Vapor Phase)
Solution Vapor
Phase Phase

Molecular Transport

Figure 2-1. A liquid phase zone and a vapor phase zone are distinguished inside the
membrane

2.3 Factors affecting pervaporation membrane performance

2.3.1 Membrane performance evaluation parameters

The experimental performance of separation via pervaporation is typically evaluated
by studying the transmembrane flux, separation factor, permeance (or permeability)
and selectivity. The detailed calculation of these parameters can be found in section
1.4.
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2.3.2 Influence of feed composition on membrane performance
2.3.2.1 Influence on polymeric membrane swelling and plasticization

Polymeric membrane swelling is a phenomenon in which solvents diffuse into
polymer chains and expend the polymer network''. As the polymer-polymer
interaction is stronger than the polymer-solvent interaction, the dissolution of
polymeric membrane does not occur. In the separation of bio-based chemicals with
pervaporation, when a liquid mixture contacts the membrane, the components can
usually cause a swelling effect on the polymer membrane resulting in an increase of
the free volume within the polymeric membrane matrix. The membrane swelling
phenomenon has an important impact on the membrane performance, affecting the
permeability of components and the selectivity. For example, water can cause
membrane swelling during dehydrating processes. In the study of hybrid membranes
of ZIF-L and ZIF-8 for dehydrating bio-ethanol''?, the membrane experienced
excessive swelling at high water concentration; both water and ethanol flux were
increased due to the raise of water concentration in the mixture. It is observed that
the ethanol flux increases dramatically when a high water concentration is presented
in the mixture. Ethanol is more sensitive to the expansion of polymer chain spacing
because the ethanol molecule has a larger kinetic diameter''3. As a result, the
separation factor decreases with the increase of water concentration. In addition, the
permeance of water and ethanol also increases with the increase of water

concentration in the mixture, whereas the selectivity decreases.

The plasticization effect may occur due to the increase of the membrane swelling
degree produced by the solvents. The presence of specific chemicals inside the
membrane can change the mechanical properties of a given polymer and lead to a
more flexible membrane and increase the diffusivity of the permeant''415. Hence,
membrane swelling can result in plasticization. The concentration of the mixture has
an influence on the plasticization effect due to the interaction between specific
chemicals and membrane. For example, in the work by Cao et al.''8, the separation
of methanol/MTBE with a cellulose triacetate membrane was studied to break the
azeotropes (68 wt% MTBE in methanol) in the context of bio-MTBE production
(gasoline oxygenate from the reaction between bio-methanol and isobutene in order

to decrease automotive carbon monoxide emissions)'”. During the pervaporation of

25



Chapter 2

the methanol/MTBE mixture with a concentration of methanol in the feed of 13.04
wt%, 19.41 wt% and 37.52 wt%, the observed plasticization effect enhanced when
the methanol concentration increased in the mixture, resulting in an enhancement of
the permeation of MTBE due to the increased free volume. Particularly on the feed
side, a significant phase transition of polymer from glassy to rubbery takes place. As
a result, the polymer plasticization effect becomes serious due to excessive
membrane swelling, it increases the polymer chain spacing dramatically and more
free volume can be created due to creep of polymer chains. This effect facilitates the
permeation of MTBE through the membrane leading to more permeation of
compounds through the membrane'®. The plasticization effect has a great negative
impact on the performance of the pervaporation membrane in terms of selectivity or
separation factor. It is important to know that membrane swelling can lead to
plasticization, but it does not necessarily occur.

As excessive membrane swelling leads to a lower membrane separation
performance, research was carried out to reduce the membrane swelling effect. The
swelling effect can be counterbalanced by introducing another polymer to form a
blend membrane. In the separation of the mixture ethanol/ETBE with
polypyrrolidinone based blend membrane with N-[3-(trimethylamoniopropyl)]
methacrylamidemethylsulfate) (TMA)''®, pyrrolidinone was found to increase strongly
the membrane affinity for ethanol. However, the membrane could be swollen severely
by ethanol. As a result, a coupling transport phenomenon was observed: the higher
the ethanol concentration in the feed, the higher the ether flux through the copolymer
membrane, leading to a selectivity drop. When TMA polymer was introduced in the
copolymer membrane, the TMA crosslinking effect prevented membrane swelling
because of ammonium sulfate residues in TMA, due to its strong polar feature of the
material. Therefore, a low concentration of pyrrolidinone content and a high TMA
content in the membrane can reduce the swelling effect. Pure pyrrolidinone suffered
severe swollen by excess of ethanol. Yet, the higher amount of TMA in the copolymer
membrane also resulted in a lower overall transmembrane flux but improving

membrane selectivity.
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2.3.2.2 Modification of solubility parameters of the mixture

The basic theory of Hansen solubility parameters has been illustrated in section 1.3.1.
As solubility parameters depend on the composition of the mixture, the position of
the solubility parameters of a mixture mapping on the three dimensional space shifts
from their pure solution. Therefore, when shifting towards to the center of the polymer
sphere, the mixture is more favourable to be sorbed by the membrane. In the case
of the pervaporation separation of an organic liquid-water mixture by a copolymer
membrane (polydimethylsiloxane and ladder-like phenylsilsesquioxiane)'?, it was
found that the transmembrane flux and separation factor follow the trend methanol<
ethanol< 2-propanol< acetone< THF. This sequence corresponds to the decrease of
solubility parameters of these organic compounds regardless of their molecular size.
Therefore, in this case, the permeation behaviour is determined by the solubility
parameters of the organic compounds; the molecular size is less important. In other
words, according to the solution diffusion model, sorption is more dominant than

diffusion in the permeation of these organic compounds.

The solubility parameter also indicates the affinity between the organic compound
and the polymer, and it has an inseparable relationship with membrane swelling'?.
Yamaguchi et al.’®? studied the solubility of a polymethyl acrylate membrane
prepared by plasma graft polymerization for 54 organic compounds and water. These
organic compounds and water were classified as soluble and insoluble component
mixtures for the membrane. In the separation of a benzene-cyclohexane mixture,
according to the solubility parameter prediction, the polymethyl acrylate membrane
shows high affinity to benzene over a large concentration range. However, the
transmembrane flux increases and the separation factor decreases with the increase
of benzene concentration in the feed since the solubility parameter of the mixture was
getting closer to the center of polymethyl acrylate polymer three dimensional sphere.
This indicates that the mixture has more affinity to the polymeric membrane,
especially benzene, because it has a high concentration in the mixture. As a result,
the degree of membrane swelling increased due to the higher benzene concentration
in the mixture. Furthermore, plasticization of the polymeric membrane can take place.
Consequently, the selectivity of the pervaporation membrane was reduced by

plasticization effects due to the increase of the benzene concentration in the mixture.
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In summary, solubility parameters are a useful tool not only to screen and to select
membrane materials for a targeted separation of bio-based chemicals, but also to
predict possible affinities between the membrane material and components, and the

potential of membrane swelling.
2.3.1.3 Influence on pH of the feed

Organic acids, such as formic acid, acetic acid, lactic acid, propionic acid or butanoic
acid, are important bio-based raw material for synthesizing other useful materials. A
large number of catalytic systems have been developed to convert biomass (including
cellulose, lignin, etc.) into organic acids, which can be used in chemical industries
directly or act as building blocks for further applications'?3124. The pH becomes an
important factor in the application of the permeation of organic acids in pervaporation.
The pH level in the feed solution determines the degree of dissociation of each organic
acid. Therefore, the permeation of an undissociated (uncharged) compound only
depends on the interaction between the compound and the membrane material (for
example, a polar or non-polar membrane). On the other hand, the dissociated (charged)
form would not be able to diffuse through pervaporation membranes'2%126_ At low pH
level, the organic acids are mainly not dissociated, whereas the proportion of

dissociated organic acids increases when the pH in the mixture increases.

In Overington’s works'?’, pervaporation was used to separate organic acids (acetic
acid, butanoic acid, hexanoic acid and octanoic acid), ketones (2-heptanone and 2-
nonanone) and esters (ethyl butanoate, ethyl hexanoate and ethyl octanoate) in
mixtures. At low pH (2.5-3.5), more than 94% organic acids was in the non-dissociated
form in the feed mixture and the enrichment factor (the ratio of a component's
concentration in the permeate to its concentration in the feed) was the highest for these
organic acids. When the pH level increased from 2.5 to 4.8 and further increases up to
7, more and more organic acids were dissociated, and a lower enrichment factor was
observed. At pH 7, the enrichment factor of these organic acids was decreased by 84%
due to their dissociation. As less organic acids can be adsorbed by the hydrophobic
polydimethylsiloxane membrane due to the dissociation at high pH, the competition
between permeants for the sites in the membrane becomes less. This situation would
be more favourable to esters and ketones to be permeated through the membrane.

Organic acids were concentrated more effectively when the pH remained below 3.5.
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Therefore, pervaporation permeation performance can be altered due to the sorption
and diffusion behaviour caused by the chemical environment, for example, the

presence of acidic conditions.

In other cases, a low pH may not be preferred for the pervaporation separation. A
silicalite membrane is an ethanol permselective membrane and exhibits a good
separation performance for ethanol/water mixture'?®. This membrane can be directly
applied to produce highly concentrated bioethanol from fermentation via fermentation-
pervaporation. However, the pervaporation performance could be deteriorated due to
the presence of succinic acid, which can be absorbed by silicalite membrane. lkegami
et al. studied the pervaporation performance of the ternary mixture
ethanol/water/succinic acid by using silicalite membrane double-coated with silicone
rubbers'?®. The ethanol permeation decreased dramatically when the pH is below 5
because the concentration of non-dissociated succinic acid is increased proportionally
at lower pH. As a result, more non-dissociated succinic acid can be absorbed by

silicalite membrane resulting in drastically decreasing ethanol permeation.
2.3.3 Effect of temperature on membrane performance

Temperature is one of the most important factors affecting the membrane performance.
The interpretation of the effect of temperature can be done by analysing the activation
energy. The basic theory and calculation of activation energy has been discussed in
section 1.4. The dehydration of butyl acetate is one of the typical examples for the
impact of activation energy on the permeation behaviour. The temperature variation
has influence on the activation energy of water and butyl acetate when polyvinyl
alcohol (PVA) and chitosan (CS) blend membrane was used'®. The blend membrane
polyvinyl alcohol and chitosan gave a better separation performance at high
temperature (70 °C). The activation energy of water was 23.77 kd/mol, and -56.44
kJd/mol for butyl acetate, respectively. The activation energy illustrates the sensitivity of
molecule permeation to the temperature. As the activation energy of water is positive,
it indicates that the permeation behaviour of water is dominated by diffusion. However,
for butyl acetate it is negative, which means that the permeation behaviour is controlled
by sorption: a higher temperature is not in favour of molecular permeation. As a result,
the permeance of water increased linearly and the butyl acetate decreased with the

rise in temperature. Due to this contradictory permeation behaviour, the separation
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performance is significantly improved at higher temperature. Another typical example
was performed by Adymkanov et al.’3'. They studied the temperature effect on the
permeation for water, ethanol and butanol from 30 to 50 °C. It shows that the activation
energy is an important factor that determines selectivity. As water has a higher
activation energy than alcohols in a PIM-1 membrane, the selectivity of this

hydrophobic membrane tends to worsen with increasing of temperature.

Apart from the temperature effect, the composition in the mixture can have an impact
on the activation energy as well. In the ethanol purification from methanol using a
polybenzoxazinoneimide (PBOI) membrane’3?, the activation energy of methanol is

generally lower than that of ethanol (Table 2-1).

The methanol molecules have to overcome a lower energy barrier for the permeation
through the membrane than ethanol. Therefore, the membrane shows a better
permeation to methanol. On the other hand, when the concentration of methanol
increases in the feed, the activation energy of methanol decreases. From Table 2-1, it
can be seen that the activation energy of methanol is the highest at 20 wt% and the
lowest at 5 wt% of methanol in the feed at the same temperature, respectively. An
increase in temperature and methanol concentration are therefore more pronounced

for methanol permeation.

As indicated in section 1.4, the transmembrane flux and separation factor depend on

the driving force, which can be expressed as (see Eq. (1-13)):
driving force = x; X y; X P — y; X P, (2-2)

where x; is the molar fraction in the feed, y; is the activity coefficient, y; is the permeate
molar fraction and P, is the total pressure at the permeate side. P is the saturated

vapor pressure, which were determined from the Antoine equation:

P = 104 To7 (2-3)

where P is the vapor pressure, T is temperature and A, B and C are component-

specific constants.

30



Chapter 2

Table 2-1. Activation energy of methanol and ethanol permeation. Reprinted
with permission from Pulyalina et al.'32,

Feed composition (wt%) Activation energy of permeation Ep (kJ/mol)
Methanol Ethanol Methanol Ethanol
5 80 14.5 17.0
10 90 14.0 15.0
20 80 12.5 13.5

From the Antoine equation, it can be seen that when the temperature increases, the
saturated vapor pressure also increases. As a result, upon a temperature increase, the
driving force is improved. Hence, an increase of temperature can have a positive
impact on the transmembrane flux. In the permeate side, the partial pressure is
extremely low, thus, the term y; X B, in Eq. (2-2) is normally negligible. For example,
pervaporation is applied for removing water from esterification reaction lactic acid and
ethanol to enhance the yield of ethyl acetate via chitosan-TEOS membrane'33. The
vapor pressure of all penetrants increased with increasing the temperature. As a result,
the partial pressure gradient across the membrane is increased and enhanced the
driving force of each penetrant. However, the partial flux of ethanol increases more
than that of water because ethanol is more volatile than water.

In some cases, the effect of temperature on the transmembrane flux and permeance
is opposite’®: Increasing the temperature leads to an increase in transmembrane flux,
but a decrease of permeance. It is important to understand the relation between
transmembrane flux and permeance. The transmembrane flux and separation factor
depend on the operational conditions related to the driving force. However, the
permeance and selectivity reveal the real interaction between the molecules and
membrane materials. A high permeance indicates that the affinity between certain
molecules and the membrane material is high and the membrane is more favourable
to permeate this molecule. Therefore, when a novel application for the pervaporation
separation for bio-based chemical mixtures is developed, the evaluation of the
thermodynamic properties of the target mixture and intrinsic properties of the
membrane for separating the mixture are essential. Luis et al.8? studied a quaternary

mixture composed of methanol, methyl acetate, butanol and butyl acetate as a case
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study. A procedure is proposed in order to evaluate the separation potential of
pervaporation membranes: 1) Evaluation of the driving force of each compound: the
compounds with the largest driving force can be determined as target compounds for
permeation; 2) determining the permeances and selectiviies of membranes
experimentally; the optimal situation is when the membrane can enhance the
permeation of the compounds with highest driving force in step 1; 3) a McCabe-Thiele
separation diagram is set up for comparing the separation properties of pervaporation
membranes and performance with distillation. With this procedure, it can be concluded
whether the pervaporation process is able to achieve the best performance under
optimal conditions. The ideal situation would be that the membrane permeates the
target components and these components have the largest driving force. As a result,

the feasibility of applying pervaporation can be determined.
2.3.4 Effect of membrane thickness on membrane performance

The membrane thickness is also an important factor determining the performance of
pervaporation membrane separation of bio-based chemical mixtures. The general
conclusion reported in several studies is that a thicker membrane reduces the flux but
increases the selectivity.

In pervaporation, the decrease of selectivity could be observed when thickness of the
membrane is reduced. An example is the study by Brun et al. on 1,3-butadiene’34,
which is an important intermediate for synthesizing other materials and it is a
commodity having large market. Traditionally, it is a by-product of stream cracking of
naphtha of petroleum for the production of ethylene. Due to the sustainable concern of
consumption of fossil stock, the renewable route to produce 1,3-butadiene from bio-
butanol is proposed’®. The purification process includes the separation of 1,3-
butadiene and the intermediate product isobutene which is generated during butanol
dehydration. In the separation by pervaporation of a mixture of 1,3-butadiene and
isobutene (60/40 volume fraction), it was found that the transmembrane flux was
inversely proportional to the nitrile rubber membrane thickness (12 — 500 ym)'34. The
selectivity was independent on the membrane thickness when the thickness is above
100 um. The interpretation of this observation is that the membrane material is an

elastomer and made up of very thin grains. Therefore, highly tortuous micro-pores are
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present inside the membrane material. When the membrane thickness is comparable

to the size of thin grains, a micro-pore diffusion can occur.

The defects inside the membrane also have a strong influence on the performance of
a thin membrane. The biological route to produce acetic acid involves fermentation;
the purification process involves to remove water as it is a by-product’®. In the work
of dehydration of acetic acid by using polysulfone (PSf), poly (vinyl chloride) (PVC),
and polyacrylonitrile (PAN) membranes, a linear relationship was found between the
total flux and the reciprocal membrane thickness'®’. Regarding the selectivity, it was
dependent of the membrane thickness when it is thinner than 15 ym. Below this
thickness, the selectivity decreases with the decrease of membrane thickness. This
phenomenon is explained by the formation of defects during pervaporation, regardless
of polymer morphology or transport coupling. When a critical strain of polymeric
material has been reached, crazes and cracks can be formed. In a chemically active
environment, the formation of crazes can be intensified because the polymeric
materials undergo plasticization and the surface energy for the formation of craze is
lower. The transportation through these solvent-induced craze defects can be

described by Knudsen flow.

A similar observation was made for chitosan membranes for the separation of water-
ethanol mixtures'8. The results showed that the transmembrane flux does not always
follow Fick’s law and that selectivity is a function of membrane thickness when it is less
than 30 um. On the other hand, a higher and constant selectivity can be observed
when the membrane thickness is higher than 50 um. The selectivity begins to decrease
when the membrane thickness is decreasing below this level. Hence, a minimum
membrane thickness (critical thickness) is essential to determine the intrinsic selectivity
of the membrane. Furthermore, the partial flux of each component shows a reversely
proportional relationship to the membrane thickness when the membrane thickness is
higher than critical thickness. A non-Fickian behaviour of partial flux is observed at low
membrane thickness (smaller than critical thickness); a lower membrane thickness
yields a higher partial flux. This phenomenon is interpreted by the growth of crazes in
the direction of diffusion when the liquid is enriching at the tip of crazes. Crazes are
fine crack-like striations, which were affected by solvents, surface treatment and
various environmental agents'®. Koops et al. suggested that a minimum membrane

thickness has to be determined in order to stop the growth of crazes, because part of
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the flux is caused by crazes'¥’. The lack of mechanical stability of the membrane can
lead to a breakthrough of the crazes. The growth of crazes is easier in thinner
membranes, hence, the overall membrane flux of a thinner membrane increases and

the selectivity decreases when a significant breakthrough of crazes occurs™?.

Besides, Kanti et al.*' tested different thicknesses from 25 to 190 um of blend
membranes of chitosan and sodium alginate. These membranes were studied for the
dehydration of a mixture of ethanol-water (95.4wt%-4.6wt%). It was found that the flux
is gradually decreasing with an increase of membrane thickness at the same operation
conditions because the diffusion rate decreases when the membrane thickness
increases. On the other hand, the selectivity increased dramatically (from 436.3 to
2118.5) with increasing membrane thickness. The variation of selectivity with
membrane thickness was related to membrane swelling and plasticization. A thinner
membrane active layer may be swollen and plasticized, and allow all the permeating
components in feed solution diffuse through the membrane layer unrestrictedly. In
opposition to a thicker membrane, when the membrane is only partially swollen and
plasticized, the thickness of a non-swollen layer increases with the entire membrane
thickness leading to an increasing of mass transfer resistance inside the membrane.
As the non-swollen layer gives a restrictive barrier and only allows certain penetrants
to diffuse through resulting in a decreasing flux and enhancing the selectivity. Similar
phenomena were also observed in the separation of water acetamide by a chitosan

membrane 42,

On the other hand, a thicker membrane can enhance the mass transfer resistance
resulting in a decrease of the flux. In the separation of a methanol/MTBE mixture,
Villaluenga et al. studied the mass transfer behavior in terms of the resistance-in-series
model with a cellulose acetate membrane and poly( 2,6-dimethyl-1,4-phenylene oxide)
membrane’3. It was found that the liquid membrane boundary layer resistance was
larger than the membrane resistance when a thinner membrane was applied. With the
increase of membrane thickness, the membrane resistance became a dominant factor
on mass transfer in the membrane; the liquid membrane boundary layer resistance
was lower than the membrane resistance. For the cellulose acetate membrane, this
membrane thickness is between 23-33 ym and for the poly(2,6-dimethyl-1,4-

phenylene oxide) membrane, it is around 38 pm. When the membrane thickness is
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larger than these values, the membrane resistance became a dominant factor on mass

transfer in the membrane.

As discussed above, an optimal membrane thickness is important to the performance
of pervaporation separation for the separation of molecular mixtures. In order to have
an intrinsic membrane selectivity, a minimum membrane thickness has to be
determined. On the other hand, a thicker membrane active layer can decrease the

transmembrane flux.
2.4 Coupling effects in pervaporation

Coupling effects are an important phenomenon observed frequently in pervaporation.
The mass transport in the membrane is a complicated process due to the interactions
among permeants and between the permeants and the membrane material. Coupling
effects are difficult to measure quantitatively, but it is possible to obtain indirect
information from the partial flux of each component or sorption and desorption

experiments’#4. In pervaporation, this effect is not negligible.

Different factors lead to the occurrence of coupling transport. Some of the causes have
been mentioned in Chapter 2.3: coupling transport phenomena can be related to
membrane thickness, craze defects in thinner membrane, membrane swelling, and
plasticization. One important observation is that coupling effects can relate to the
composition of the feed. Bio-based aroma compounds are often produced via microbial
bioconversion'®. In the work of Raisi et al., different groups of aroma compounds (3-
methylbutanal, isopentyl acetate, n-hexanol and a-ionone) mixture were studied®'.
From binary mixtures, each aroma compound was mixed with de-ionized water to
make a dilute aroma/water mixture. For ternary mixtures, the feed was prepared by
mixing two aroma compounds and de-ionized water. No obvious coupling effect was
observed at low aroma concentration (<200 ppm). The aroma molecules are separated
by large quantities of water in dilute solutions. The interactions among aroma
molecules are too small to influence their permeation behaviour. Therefore, the
coupling effect is not significant at low aroma concentrations in the feed solution. At
relatively high concentration, coupling effects were observed for 3-methylbutanal/n-
hexanol/water and 3-methylbutanal/a-ionone/water mixtures. It was shown that 3-

methylbutanal can enhance the permeation of n-hexanol and a-ionone. In addition,
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isopentyl acetate showed a strong coupling effect for all aroma compounds (3-
methylbutanal, n-hexanol and a-ionone) mixtures. The partial flux of these aroma
compounds was increased compared with their binary mixture with water. According
to the diffusion-solution model, the sorption of molecules in the polymeric membrane
depends on the affinity between the permeants and membrane materials. The affinity
can be expressed by solubility parameters. It is found that the order of solubility
parameters of each aroma compounds and PDMS membrane is as follows: isopentyl
acetate > 3-methylebutanal > n-hexanol > water. This indicates that isopentyl acetate
and 3-methylbutanal have a high sorption degree in PDMS membrane'4é, Therefore,
the presence of these components in the feed solution results in swelling effects due
to their high sorption degree. As a result, the n-hexanol and a-ionone permeation fluxes

through the membrane are enhanced.

It is also found that some organics can modify the polymer phase and change the
solubility of other organics'®. This phenomenon is often observed during separation
on bio-synthesized alcohol mixtures. The solubility of n-butanol decreased when other
alcohols were presented in the mixture. It is caused by the formation of clusters of
alcohol molecules via hydrogen bonds, which modify the polymer phase. Consequently,
the solubility of n-butanol in the polymer material (poly(octyl)methylsiloxane (POMS))

is reduced.

The free volume inside the membrane is an important factor determining coupling
effects. In the literature, studies of free volume show that the microscopic change of
the membrane results in membrane swelling'’='%0, Coupling effects can also be

reduced by varying the free volume size or by creating artificial free volume.

The relationship between the free volume in polymeric membranes and transport
properties has been studied in different processes, such as gas separation'8149 and
pervaporation'47-151-153 The free volumes are disordered voids with the size between
0.1 — 0.5 nm in the polymer matrix which are randomly created by thermal motions of
polymer chain. It is considered an important factor on the transport of penetrants
through polymeric membranes and has a significant influence on the separation of
small molecules, such as water or alcohols. Pervaporation involves the contact
between the membrane and a liquid feed, of which the composition may vary with time.

The free volume in the membrane can change with process time because the degree
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of membrane swelling can evolve over time. A swollen membrane can have a much
higher free volume than a dry membrane, therefore, a wet pervaporation membrane
can have a strong impact on the diffusion inside the membrane. In an early study on
effect of water-swollen poly vinyl alcohol membrane', it was found that the expansion
of free volume experiences three stages. Initially (concentration of water < 8 wt%), the
mean size of free volume is not significantly changed because the water molecules
bind to the hydroxyl groups of PVA. With the increase of water concentration up to 30
wt%, the mean radius of free volume starts to increase because the water molecules
expand the inter/intra chain distance of PVA. When the water concentration reaches
30 wt%, the free volume expansion reaches its maximum size. The change of free
volume size is reversible. Satyanarayana et al. investigated the free volume size of a
water soaked and a dried membrane (PERVAP 2210). It was shown that the free
volume is reversible if a dry membrane experiences sorption followed by drying'®*.
However, the sorption degree of a used membrane was almost 50% lower than that of

a fresh membrane.

As the expansion of the free volume can reduce the selectivity of pervaporation
membranes — resulting in a so-called “coupling effect”, a solution is to introduce
inorganic and rigid particles in the polymer to inhibit the expansion of free volume. Li
et al. studied the influence of adding zeolite 13X into a polyimide (BAPP-BODA)
membrane'%3. It was found that the resulting free volume radius was between the free
volumes of pure BAPP-BODA (2.85 A) and zeolite 13X (4.08 A). In addition, the
number of free volume cavities was reduced after introducing zeolite into the polymer
matrix. The free volume radius distribution of the hybrid membrane was within the
range of the kinetic radius of water (1.2 A) and isopropanol (3.86 A). By introducing
zeolite 13X into the polyimide membrane, the expansion of the free volume caused by
membrane swelling was significantly inhibited. The permeation increases with
increasing of 13X zeolite content into the polyimide membrane due to the molecular
sieving effect and hydrophilicity of the zeolite 13X; however, the separation factor is
constant in the permeate for a 90 wt% aqueous isopropanol mixture (Figure 2-2).

A similar study was carried out by Shi et al.'®?. ZIF-8 nano-particles were added into a
polybenzimidazole (PBl) membrane for the separation of a mixture of alcohols and
water. The swelling degree of the membrane in the presence of water, methanol and

ethanol solutions was decreased after introducing ZIF-8 particles into the PBI
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membrane. In addition, it was found that the swelling caused by water was subdued
significantly due to the hydrophobic property of ZIF-8 particles. Comparing the
performance of PBI membrane with and without ZIF-8 particles, it was observed that
ZIF-8 addition can suppress the changes of membrane structures, which is otherwise
caused by ethanol swelling. The free volume diameter of PBI/ZIF-8 membrane
(swollen by ethanol) is smaller than that of PBl membrane (4.9 A vs. 5.9 A), which was

linked to the better selectivity of the hybrid membrane.
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Figure 2-2. Effect of zeolite 13X content on pervaporation separation of 90 wt%
aqueous isopropanol mixture for the BAPP—-BODA/13X hybrid membranes at 25 °C.
Reprinting with permission from Li et al.1%3

In some cases, such as in biofuel production, it is required to remove toxic products,
such as low molecular weight alcohols ethanol and butanol, while the medium of the
fermentation water has to be retained by the membrane. These bio-alcohols are larger
than water; thus, a hydrophobic membrane should be applied in order to achieve a
high permeability and selectivity. In the work of Petzetakis et al.'®!, an artificial free
volume inside cross-linked PDMS membrane was created based on the self-assembly
of polyethylene-b-polydimethylsiloxane-b-polyethylene triblock copolymers (EDE) for
purifying ethanol/water and butanol/water by pervaporation. The experimental results
(Figure 2-3) showed that the improvement of permeability of butanol and ethanol is

significantly dependent on the amount of artificial free volume. The selectivity was
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improved by increasing the free volume created in the PDMS membrane because the
artificially created free volume is more hydrophobic than the original cross-linked
PDMS. Therefore, the transport of less polar molecules butanol is more enhanced by
the artificial free volume. One important feature is that the improvement of permeability

EDE/PDMS copolymer membrane is not subject to the sacrifice of selectivity 5515,
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Figure 2-3. Membrane separation permeability and selectivity for butanol and ethanol.
(a) Butanol permeability (right ordinate) and ethanol permeability (left ordinate) as a
function of artificial free-volume, farv, (bottom ordinate). Blue circles: butanol and red
squares: ethanol are introduced EDE in cross-linked PDMS membrane; black circle:
butanol and black square: ethanol are permeability by cross-linked PDMS membrane.
(b) Butanol/water (left) and ethanol/water (right) selectivity as a function of artificial
free-volume farv (bottom ordinate). Blue circles: butanol/water and red squares:
ethanol/water are selectivity by EDE membranes; black circle: butanol/water and black
square: ethanol/water are selectivity by cross-linked PDMS membrane. Reprinting with
permission from Petzetakis et al.®"

The physicochemical interaction between the membrane-molecules and molecules-
molecules of the system can lead to drag effect during pervaporation. Huang et al.
studied the ethanol-water system by using PERVAP 2510 membrane. Results showed
that this membrane gives very poor separation performance with separation factor 14-
16 for water'’. However, the separation factor obtained for water over isopropyl
alcohol is between 300-1400 with 2-15 wt% of water under 60-100 °C. For butanol-
water system, the separation factor is even higher than isopropyl alcohol-water system.
One of the reason is that ethanol and water can form stronger interaction coming from
hydrogen bonding (O-H...O) and thus result in a considerable mutual-dragging

effect’®159_ On the other hand, Huang et al. also applied zeolite silicalite-1 for ethanol-
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water mixture. It was concluded that the presence of sinusoidal channels in silicalite-1
can possibly drag the transport of penetrants resulting in the decrease of ethanol

permeance.

Sommer et al. investigated the water-alcohols (methanol, ethanol, isopropanol and n-
butanol) permeation behavior by using silica membrane (made by ECN)'®0. By
comparing their partial flux, the smaller alcohol molecules, such as methanol and
ethanol, are being dragged across the membrane with water. However, the bigger and
more hydrophobic alcohols (isopropanol and n-butanol) show less effect. There is a
more or less pronounced drag effect for all alcohols. Similarly, Ten Elshof et al. studied
water-organic binary mixtures (methanol, N,N-dimethyl formamide (DMF) and 1,4-
dioxane) containing 5-22 wt% water by using silica membranes'®’. In that work, it was
found that the flux of methanol is dominated by a drag effect by the larger water flux.
Besides alcohols, Koops et al. found that the permeation was influenced by the
interaction between acetic acid and water due to their strong hydrogen bonding'®2.
Hence, the faster permeating water molecules has impact on the relatively slow
permeating acetic acid molecules. Consequently, the acetic acid molecules can be

dragged across the membrane by water flux due to intermolecular interaction.

As discussed above, drag effect resulting from the interaction of molecules and
molecules, e.g. intermolecular interaction, is an important factor to influence
permeation performance. A strong drag effect can influence flux and separation factor.
Currently, the majority study of drag effect in the literature is based on water-alcohol
mixtures or water-organic mixture because the intermolecular interaction for organic-

organic mixture could be more complex.
2.5 Pervaporation membranes

Compared with other pervaporation applications, the use of pervaporation for
separating bio-based mixtures may be more challenging due to the complexity of the
feed composition, requiring usually multiple separation steps. In recent years, research
has been carried out to develop novel membranes to separate different liquid-liquid
mixtures. Table 2-2 is a summary of application of pervaporation membranes for
different separations. In general, the separation based on the mixture can be divided

in two types: water-organic (dehydration) and organic-organic mixtures. Dehydration
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involves the separation of water from organic components, for example, the mixture of
acids, alcohols, esters and water from esterification and transesterification reactions.
The application of dehydration in pervaporation has been achieved in industrial
applications for the removal of water from an organic phase'®. The membranes
produced by SULZER, PolyAn, have been commercially available for dehydration
processes. These commercial membranes, based on polyvinyl alcohol, and polyimides
materials, are able to permeate water with high flux and selectivity by modifying the
chemical composition and structure properties to improve the hydrophilicity of the

membranes.

The application of pervaporation technology for the separation of organic—organic
mixtures is less commercialized. Many studies have been carried out for the separation
of various organic mixtures. From Table 2-2, it can be seen that the membranes can
be generally classified into three types based on the membrane materials: inorganic,

organic and inorganic-organic hybrid membranes.

Organic membranes

Organic membranes, mainly synthesized from polymers, are the most studied and
widely applied in pervaporation. A low mechanical resistance and thermal stability are
the shortcomings of organic membranes. In addition, the tradeoff between permeability
and selectivity is very common in the application of organic membranes. However, the
organic membranes are still attractive and applied for many separation processes due
to their low cost and flexible and easy membrane synthesis.

In some cases, the problem of chemical resistance can limit the application of organic
membranes. Some polymer materials can appear as good candidates for a given
separation, but cannot be applied in other mixtures because they react with some
components of the mixture. For instance, polybenzimidazole (PBI) is a good
membrane material for pervaporation dehydration, but it has a tendency to form PBI-
acid, which limits its application for the separation in acidic mixtures. Wang et al.
developed a novel two-step sulfonation modification technique and investigated the
performance in dehydration of acetic acid'%4. Sulfonated polybenzimidazole (SPBI) is
prepared by sulfonation with sulfuric acid followed by a thermal treatment at 450 °C in

order to develop a stable membrane made of SPBI with good acid resistance. By
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comparing SPBI and PBlI membranes at 50/50 wt% water/acetic acid mixture, the
sulfonated PBI membrane (2.5 wt% H2S04, 450 °C, 30s) gave a flux of 168 g/m?-h with
a separation factor of 6631, while the pristine PBI membrane only gives 100 g/m?-h
flux with a separation factor of 7. With the sulfonated membrane, the separation
performance is better than with conventional distillation and other polymeric

membranes in the literature.

Inorganic membranes

Inorganic membranes have a low swelling degree, good mechanical properties and a
good chemical and thermal resistance comparing with organic membranes. However,
they suffer from a higher cost and are difficult to fabricate into defect free membranes.
Zeolite and silica are very common ceramic membranes. The materials for preparing
silica membranes are SiO2, SiO2-TiO2, SiO2-ZrO2, etc. They are stable at high
temperature and acidic environment. The silica-based membranes prepared by sol-gel
processing are highly permeable and selective. This method offers great advantage

on the controlling of pore sizes.

The sol-gel processing begins with the hydrolysis of alkoxysilane precursors (e.g.
Tetraethyl orthosilicate). The precursors first react with water to replace the alkoxy
groups with hydroxyl groups by using acid (HCI) or base (NaOH) catalyst. Then,
condensation reaction takes place between hydroxyl groups and between a hydroxyl
group and alkoxy group forming SiO2 sol with siloxane bond. Then the SiO2 sol is
coated on the support layer to form a thin silica gel layer and finally, the coated silica
membrane is dried or calcined at high temperature to form desire silica structure. The
pore size and the structure of silica networks has strong impact on the final obtained
membranes. Hence, the synthesis conditions, such as concentration of precursors and
catalysts, the ratio of water to precursor, are important factors. In the book of Brinker
& Scherer, it is illustrated that silica sol-gel obtained via acid-catalysts has a polymeric
structure and a colloidal structure via base-catalysts'®. In addition, a high water to
precursor ratio can improve the degree of hydrolysis of alkoxy group, leading to a
higher degree of condensation reaction and a denser silica network can be obtained%®.

The application of silica membrane for pervaporation can be found in dehydration of

alcohols'®7:168 dehydration of acids'%170 and separation of organic-organic mixtures'”".
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The silica membrane exhibits a high and stable water flux (5.4 kg/m?-h) in IPA/water
mixture by silica-zirconia membranes with separation factor 2500 under the condition
10 wt% water in the feed at 75 °C'%’. Silica membranes are promising to apply for the
dehydration of acetic acid solutions due to its high stability contacting acidic solution.
For example, a separation factor 450 and water flux 0.9 kg/m?-h can achieved by silica

membrane under the condition 10 mol% water/acidic acid mixture at 70 °C16°,

Zeolites are a mixture of silicates-alumino with different compositions of silicon to
aluminium ratio. The ratio of SiO2/Al203 is an important factor for the performance of
inorganic membranes. The zeolites form crystalline structure and pore size can
achieve several nanometers. It is found that a low silicon to aluminium ratio can
improve the hydrophilicity of the membrane leading to a preferential sorption of water
inside pores'”2. However, the stability of zeolite membranes under acidic environment
is a challenge'”®. The zeolite membranes can be destructed by hydrolysis reaction
resulting from acidic environment, such as Si-O and AI-O bonds in zeolite are
dissociated. Furthermore, the silica-alumina layer is dissolved into the solution.
Consequently, the zeolite membranes lose their selectivity. Acid-stable zeolite
membranes are improved by increasing SiO2/Al203 ratio by trading off hydrophilicity.
For example, ZSM-5 zeolite membranes were studied for the separation acetic
acid/water and acetic acid/ethanol/water/ethyl acetate'’. It was found that a higher
Si/Al ratio can decrease the hydrophilicity of the membrane. However, the acid-stable
ZSM-5 membrane still has an acceptable water permeability in target mixtures. The
water content in permeates can achieve 99.5 wt% in both binary and quaternary

mixtures'74.

Organic-inorganic hybrid membrane

Organic-inorganic hybrid membranes present interesting properties for pervaporation
applications because of their thermal stability, good mechanical strength and chemical
resistance. The major applications of hybrid membranes can be found in dehydration.
Ma et al.’®® studied organic-inorganic hybrid membranes prepared from the sol-gel
polycondensation of tetraethoxysilane (TEOS) within chitosan (CS) aqueous solution.
The membranes were studied for the pervaporation-assisted esterification of lactic acid
and ethanol. Chitosan is one of the interesting membrane materials to be studied

extensively because of its hydrophilicity'’>. However, the low thermal stability and low
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mechanical resistance are the main shortcomings of chitosan. By introducing TEOS,
the hydrophilicity of the membrane and thermal stability are improved. TEOS-CS
hybrid membranes have a high selectivity to water in the separation of water from an
aqueous ethanol mixture. With the combination of batch reactor (reaction between
lactic acid and ethanol to produce ethyl acetate and byproduct water) and the
assistance of pervaporation, water can be preferentially removed from the reaction
mixture due to the high hydrophilicity of the membrane, enhancing the yield of ethyl

lactate for the esterification reaction of ethanol and lactic acid.

In the recovery of bio-based furfural, the performance of a Znz(bim)s
(bim=benzimidazole ion) and PMPS (polymethylphenylsiloxane) hybrid membrane
improves the stability comparing with a pure PMPS membrane'’®. At the same
operational conditions, the hybrid membrane has a better membrane flux and
separation factor than the pure PMPS due to introducing Znz(bim)4 crystals. The

presence of Zn2(bim)4 can reduce the membrane swelling effect.

Other advanced organic-inorganic membranes were also developed. For instance, Liu
et al. fabricated a ZIF-8-silicone membrane on a stainless-steel-mesh by using a
Plugging-Filling method'””. In the first plugging step, the ZIF-8 nanoparticles were
plugged in HOSSM (hierarchically ordered stainless-steel-mesh). Then, the plugged
HOSSM was dip-coated in the solution (1.0 g of polymethylphenylsiloxane (PMPS),
0.1 g tetraethyl orthosilicate and 0.01 g dibutyltin diaurate dissolved in 4.0 g of /-octane.
The membrane shows a high separation performance (53.3 separation factor) in the

recovery of 1.0 wt% furfural from water.

In recent advances in membrane synthesis, the study of organic-inorganic hybrid
membrane is more attractive than inorganic membranes because the preparation of
inorganic membrane is not only expensive but also it is difficult to achieve a defect free

membrane.

In addition, the polarity of the permeant and of the membrane material, should be taken
into account when selecting membrane materials. The polarity determines the
hydrophilicity and hydrophobicity of the membrane materials. In the case of removing
water for producing high purity solvents, a highly hydrophilic polymer will be the first

option for the application. For example, in the study of a poly(dimethylsiloxane) and
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polyolefin composite membrane for dehydration of ethyl acetate and ethanol, the
experimental results show that the membrane was not selective to ethanol because it
is a polar solvent. With non-polar organic ethyl acetate, and ethyl acetate enrichment

in the permeate and the membrane gives a high selectivity (20-60)'78,

The mechanical strength, chemical resistance and thermal stability of a membrane in
aqueous solutions are important issues for the application of pervaporation as well. For
instance, polyacrylic acid (PAA), polyvinyl alcohol (PVA) and chitosan are suitable
polymeric materials for dehydration by pervaporation to produce high purity alcohols.
However, these materials do not have strong mechanical properties and lack stability
in aqueous solution due to excessive membrane swelling. As a result, the selectivity of
these membranes decreases dramatically during pervaporation. Thus, the application
of these polymers is limited'”®-'81_ Alternative membrane preparation methods are
therefore required. For example, in the preparation of polybenzoxazole membranes,
in-situ thermal conversion of hydroxyl-containing polyimide precursors method is
applied. An aromatic polyimide can be converted to polybenzoxazole through thermal

rearrangement between 350-500 °C under vacuum or in inert gas environment'&0,
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Table 2-2. The application of pervaporation on the separation of liquid mixtures

Materials Mixture Membrane Flux (kg m?2 h-') Separation Permeance (GPU) Selectivity Ref.
material factor
acetic acid acetic acid water Polyphenylsulfone - 2-24 Water: 2000-25000 5-38 182
(PPSU)
Acetic acid: 50-
1500
acetic ZSM-5 zeolite 1.24-2.36 130-2070 - - 183
acid/ethanol/water/ethyl
acetate
acetic acid water polyphenylsulfone- 0.76-2.34 - Water: ~4000-7000 2.9-5.7 184

based
membranes,
modified with silica

nanoparticles

Acetic acid: ~500-
1000
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Table 2-2. The application of pervaporation on the separation of liquid mixtures (Cont.)

Materials

Mixture Membrane Flux (kg m?2 h-') Separation Permeance (GPU) Selectivity Ref.
material factor

acetic acid

acetic acid water polyelectrolytes 0.44 144 - - 185
complex
(PEC)/11-
phosphotungstic
acid hydrate
(PW11) hybrid
membrane
(PEC/PW11)

acetic acid water Composite 0.653 631 - - 186
membranes of
sodium alginate
active layer and
microporous

polypropylene
substrate

acetic acid water Polycrystalline 0.22 59 - - 187
silicalite
membranes ZSM-

5 zeolite crystals

47



Chapter 2

Table 2-2. The application of pervaporation on the separation of liquid mixtures (Cont.)

Materials Mixture Membrane Flux (kg m?2 h-') Separation Permeance (GPU) Selectivity Ref.
material factor
acetic acid acetic acid water Sulfonated 0.207 5461 - - 164
polybenzimidazole
membranes
isopropanol Isopropanol water (85  polybenzoxazole 0.09 - - 4019 188
wt% isopropanol) (C-TR-PBO)
ethyl tert- Ethyl tert-butyl CA-g-PLA 0.01447-0.02177 46-396 - - 189
butyl ether ether/ethanol copolymers
furfural Furfural/water Zny(bim)s-PMPS 2.05-2.15 19.1-19.5 - - 190
Furfural/water Metal—organic 0.67-1.8 17.6-53.3 - ~5-15 7
framework ZIF-8
nanocomposite
Furfural/water HTPB-based 0.003-0.022 100-600 - - 191
hydrophobic

polyurethaneurea

membranes
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Table 2-2. The application of pervaporation on the separation of liquid mixtures (Cont.)

Materials Mixture Membrane Flux (kg m?2 h-') Separation Permeance (GPU) Selectivity Ref.
material factor

1,4-dioxane 1,4-dioxane/water Chitosan and 0.028-0.118 767-1123 192
nylon 66 blend

Tetrahydro- THF/water (0.56 wt%  acrylamide and 2- 0.57 216 193
furan water) hydroxyethyl
methacrylate

blend
isobutyl Propionic acid /isobutyl polyvinyl alcohol— - - 194
propionate alcohol/isobutyl polyethersulphone

propionate/water (PVA-PES)

(Only converion
reported:
Improved from
60% to 90%)
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Table 2-2. The application of pervaporation on the separation of liquid mixtures (Cont.)

Materials Mixture Membrane Flux (kg m?2 h-') Separation Permeance (GPU) Selectivity Ref.
material factor
Ethyl lactate ethyl lactate/ Commercial - - - - 195
ethanol/lactic membrane
acid/water PERVAP® 2201

(Only conversion
reported: Achieve

~90%)
ethyl lactate/ Tetraethoxysilane ~0.05-0.284 ~460-700 - ~18-36 196
ethanol/lactic (TEOS)- chitosan
acid/water hybrid membrane
isopropyl lactic acid/ isopropanol/ Polyvinyl alcohol- - - - - 9
lactate .
isopropyl lactate/water. polyether sulfone
(PVA-PES)

(Only conversion
reported:
Improved from
51% to 86%)
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Table 2-2. The application of pervaporation on the separation of liquid mixtures (Cont.)

Materials Mixture Membrane material Flux (kg m2 h')  Separation Permeance Selectivity Ref.
factor (GPU)
ethylene ethylene poly(vinyl alcohol) (PVA) and a 0.540 2864 - 68.1 197
glycol glycol/water MOF with hydrophilic sulfonic

acid group (SO3H-MIL-101-Cr)
coated by a thin and uniform

polydopamine (PD) layer

ethylene PVA and y- 0.067-0.2 50-311 - - 198
glycol/water mercaptopropyltrimethoxysilane
(MPTMS)
ethylene Chitosan—poly(acrylic acid) 0.216 105 - - 199
glycol/water polyelectrolyte

(80 wt% EG)
complex membranes

ethylene Poly (vinyl 0.04377 312 - -
glycol/water alcohol)/hyperbranched

(90 wt% EG) polyester membrane

200
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Table 2-2. The application of pervaporation on the separation of liquid mixtures (Cont.)

Materials Mixture Membrane material Flux (kg m2 h-) Separation Permeance Selectivity Ref.
factor (GPU)
ethylene ethylene glycol/water composite membranes ~0.081-0.429 196-388 - - 201
glycol L
comprising of
polyamide and
polydopamine
cyclohexane Ethanol/cyclohexane Ethylene- 0.45-1.7 15-31 - - 202
(30.5 wt% /69.5 wt%)  chlorotrifluoroethylene
styrene styrene/ethylbenzene  Poly(hexamethylene 0.05-0. 15 2.2-5.8 - - 203
sebacate) (PHS)
n-butyl n-butyl acetate/ n- polyvinyl alcohol (PVA) ~0.683-1.5 ~1500-4800 - - 130
acetate butanol/ water and chitosan (CS)
n-butyl n-butyl acetate/water  polyvinyl alcohol (PVA) ~0.4-0.6 27000 (25 - - 130
acetate and chitosan (CS) wt% CS)
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Table 2-2. The application of pervaporation on the separation of liquid mixtures (Cont.)

Materials Mixture Membrane material Flux (kg m2 h-) Separation Permeance Selectivity Ref.
factor (GPU)
1,3- 1,3-propanediol— Allylcyclohexylamine 0.0055-0.0058 9-15 - - 204
propanediol water functionalized siloxane
polymer
methyl flavor compound of  polydimethoxylsiloxane- 0.055-0.102 4-10 - - 205
anthranilate
concord grapes polycarbonate
ethyl lactate water/ethanol/ethyl PERVAP® 2201 ~0.2-3 ~600 - - 206
lactate/lactic acid
acetic acid acetic acid/water Sodium 0.04-0.07 359.33-441 - - 207
alginate/polyaniline
polyion complex
membrane
succinate succinic acid/ ethanol/  GFT-1005 membrane 1-5.8 - - - 208

diethyl

succinate/water
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Table 2-2. The application of pervaporation on the separation of liquid mixtures (Cont.)

Materials Mixture Membrane material Flux (kg m2 h-') Separation Permeance Selectivity Ref.
factor (GPU)
ethyl levulinate ethyl levulinate catalytic composite 2.3 30-65 - - 209
synthesis from /ethanol/levulinic membrane consists
ethanol and
levulinic acid acid/water of two layers: the top

layer is the catalytic
layer coated with
S04-2/ZrO; catalyst,
the bottom layer is
the dense
hydroxyethyl

cellulose membrane

xylene O-xylene/P- xylene polyurethane—zeolite 0.07-0.46 0.76-1.37 - - 210
composite
membranes
dimethylformamide dimethylformamide/water Sodium 0.9-1.1 20-30 - - 21
alginate/poly(vinyl

alcohol) alloy

membranes
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Except for the membranes reviewed above, supported ionic liquid membranes (SILMs)
also attract attention for liquid-liquid separation. lonic liquids have good chemical and
thermal stabilities and a negligible vapor pressure?'2. SILMs have been studied widely
for gas separation and purification, such as SO2/CO2 separation and natural gas
purification?'32'4, Even though research on the application of SILMs in pervaporation
is still limited, some progress has been achieved and some applications related to the
separation of bio-based mixture by using pervaporation proved to be successful (See
Table 2-3). Compared with dense membranes, SILMs can have a better mass transfer
because the diffusion coefficient in liquids is much higher than in solids?'5. A discussion
of fundamentals and recent advances in SILMs technology is given by Lozano et al.?'®

and Wang et al.?"".

Table 2-3. The application of SILMs via pervaporation on the separation of bio-
based chemicals

Mixtures IL Supported Ref.
membranes
1-phenylethanol, 1-phenylethyl [BMIm][PF6] Nylon 223

propionate, Vinyl propionate and

Propionic acid

[OMIm][PF6] Nylon 223
[BMIm][PF4] Nylon 223
[OMIm][PF4] Nylon 223
[BMIm][NTf2] Nylon 223

[OMIm][NTf2] nylon 223
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Table 2-3. The application of SILMs via pervaporation on the separation of

liquid-liquid mixtures (Cont.)

Mixtures IL Supported Ref.
membranes
Vinyl buyrate, butanol, butyl butyrate, [BMIm][PF6] PVDF, PTFE, 218 219
burytic acid PC, Nylon 220 221
[OMIm][PF6] Nylon 218 219
220 221
[BMIm][PF4] Nylon 219 220
221
[OMIm][PF4] Nylon 219 220
221
[BMIM][NTf2] Nylon 219 221
[OMIM][NTf2] Nylon 219 221
[BMIm][CI] Nylon 220
Vinyl acetate, Vinyl propionate, Vinyl [BMIm][PF6] Nylon 219
butyrate, Vinyl laurate, Methyl acetate,
Methyl propionate, Butyl butyrate, Ethyl [OMIm][PF6] Nylon 219
decanoate, Metanol, Propanol, Butanol,
1-Octanol, Acetic acid, Propionic acid,
222
Butyric acid, Lauric acid [BMIm][PF4] Nylon
[OMIm][PF4] Nylon 222
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2.6 Pervaporation-distillation hybrid processes in bio-based mixture

separation

In the past decade, membranes have been widely applied in the chemical industry for
purification processes. Pervaporation has often been compared with other purification
technologies, such as distillation and liquid-liquid extraction. As reviewed above, many
studies have proved that it is an environmentally friendly and cost-effective purification
technology. It is a suitable technology for dehydration of a product (ethanol, butanol,
isopropanol, etc.) or separating the mixture forming azeotrope with water, such as
some esterification reactions. However, stand-alone pervaporation is rare because the
composition of the permeate may not have the required product purity or environmental
standards. In most cases, pervaporation is combined with other processes to improve
the overall efficiency of the entire process. In recent years, hundreds of research
papers have been published on pervaporation hybrid processes for different types of
mixtures. Two major types of installations are reported in the literature. The first one is
pervaporation combined with distillation for separation and purification. For instance,
ETBE is an attractive bio-ether used as additive in bio-fuels due to its beneficial effect
on fuel combustion and reduction of hydrocarbon emissions. The bio-ETBE can be
synthesized from the reaction of bio-ethanol and isobutene over a catalyst, such as
Amberlyst 15 (A15)?%4. In the production of ETBE, pervaporation plays an important
role for breaking the azeotrope??®. The elimination of the excess of alcohol in the
mixture cannot be achieved with conventional distillation; the final ETBE product can
not achieve the required purity due to the contamination by residual alcohol in the
product. Pervaporation-distillation and reactive distillation were compared for the
production of ETBE?%6. In the pervaporation distillation hybrid process, the purity of
ETBE is up to 95.2 wt% and the permeate, enriched with ethanol, is recycled to the
reactor. Compared with reactive distillation, the purity of ETBE obtained from reactive
distillation (97.3 wt%) is higher than by the pervaporation-distillation process (95.2
wt%), but the energy consumption of the pervaporation-distillation hybrid process is
465 kWh per ton of product compared with 1205 kWh per ton of product in reactive
distillation. The pervaporation-distillation scheme is shown in Figure 2-4.
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Figure 2-4. Schematic diagram of the pervaporation integrated hybrid process for
production of ETBE. Reprinted with permission from Norkobilov et al.?%%
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Figure 2-5. A connection of hybrid reactive distillation with high selectivity
pervaporation. Reprinted with permission from Harvianto et al.?’

The bio-based butyl acetate can be produced by reacting bio-butanol and methyl
acetate. Jimenez et al. proposed a new process combining extractive and reactive
distillation for the production of butyl acetate?”. Although this process can produce high
purity butyl acetate, the economic analysis shows it is not profitable''. In the work of
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Gregorius et al. a reactive distillation combined with pervaporation (polymide-6
membrane) was applied for the production of butyl acetate using the same starting
reactants (Figure 2-5)?'2%7. The azeotrope of methanol and methyl acetate was broken
by pervaporation. The methyl acetate obtained from the pervaporation retentate is
redirected as feed solution to the reactive distillation. As a result, a high purity of methyl
acetate was obtained, along with a high conversion in the reactive distillation column.
The energy consumption can be reduced by up to 71% by this process. This is a very
promising process, since the overall cost of the butyl acetate production is markedly

reduced compared with conventional process.

In order to study a real application of hybrid processes, Danilo et al. screened
commercial membranes for the pervaporation-distillation hybrid process for the
separation of methanol and methyl acetate??. It was shown that the best commercial
membranes were Poly Al TypM1 (Produced by PolyAl) and Pervap 2256 (produced by
Sulzer) membranes. Both membranes permeate methanol and reduce the overall cost

of separation at optimal conditions.

As discussed above, the pervaporation-distillation hybrid system presents a decisive
advantage in terms of energy consumption compared with other separation processes.
In the separation of azeotropic mixtures, the pervaporation-distillation hybrid has the
additional advantage of being able to break the azeotrope as the pervaporation
separation is based on the affinity of molecules and membrane materials instead of

thermodynamic vapor-liquid equilibrium in reactive distillation.

Figure 2-6 shows a novel concept proposed by Fontalvo et al.??, in which
pervaporation is integrated a single distillation column. In this process, a section of
packing or trays in a distillation column is replaced by a coated ceramic hollow fibre
membrane. The permeate is removed from the lumen side of the ceramic membranes.
The reboiler provides the energy for separation by pervaporation separation. In the
separation of a mixture of organic compounds (MTBE, 1-butene, and methanol), it was
shown that the optimal separation of methanol can be achieved. The pervaporation
section in the distillation column located at stage 20 gave the largest driving force for
removing methanol by pervaporation because the methanol activity is the largest at

this stage. For the same membrane area, a higher amount of methanol can be

permeate through the membrane because methanol liquid activity is the highest at this
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stage. Therefore, a maximum driving force was achieved. Compared with
pervaporation-distillation systems where the pervaporation unit is separated from the
distillation system, there are several advantages. First, the energy consumption for
pervaporation can be reduced greatly. The condensation of the vapor in the distillation
can release latent heat, which can be supplied to the pervaporation process. Second,
the vapor and liquid phase are in contact in the pervaporation section, therefore, the
vapor can enhance turbulence in the liquid phase, which can improve the mass and
heat transfer between the liquid and the membrane surface. In addition, less
membrane area is required comparing to external pervaporation. Therefore, the energy

consumption and membrane cost can be reduced.
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Eﬁrtvaporation /——\\ distillate
i e —

\ ‘vaf"er*

S
YOI

—_—>
feed ?Q‘.o‘..’o’oig permeate

FaFarory

(b)

Permeate
T{W

Figure 2-6. Hybrid distillation—pervaporation system in a single column (a), ceramic
hollow fibre membrane packed section in an integrated distillation pervaporation unit
(b). Reprinted with permission from Fontalvo et al.?%®
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2.7 Reaction-pervaporation hybrid processes in bio-based mixture

separation

Pervaporation can be combined with a reactor to form a reaction-separation hybrid
process. The advantage of such combination is that one of the products/by-products
can be removed by pervaporation. By doing so, an equilibrated reaction can be shifted
towards the products, thereby improving the yields according the principle of Le
Chatelier-Braun. Biobutanol is an important alternative to gasoline or fuel additive due
to its higher energy content and low volatility in comparison with bioethanol.
Furthermore, the current combustion engines can use biobutanol as fuel directly. In
the production of biobutanol via fermentation®3, lignocellulose is a more economical
feedstock than sugar based fermentation. However, the presence of the by-product
furfural in the reaction mixture can reduce the yield because furfural is the microbial
inhibitory compounds for fermentation?3'. The pervaporation process in the biobutanol
production plays two functions: detoxification and separation of butanol. In the
detoxification process, In the detoxification process, 94.5% of the furfural by-product
produced by SSB (sweet sorghum bagasse) hydrolyzed by dilute acetic acid could be
removed via pervaporation2%, In addition, the mixture of butanol-acetone-ethanol was
separated by pervaporation. As a result, the pervaporation process was found

attractive to the production of biobutanol and biochemical furfural.

Dehydration is a crucial step to purify various types of bio-based products. In a recent
study focused on the production of isopropyl lactate, the esterification of lactic acid by
iso-propanol was coupled with pervaporation®. By removing water through a PVA-PES
membrane during the reaction, the conversion of lactic acid was increased from 51%
up to 86%. Commercial membranes for pervaporation dehydration are now available
in the market and give a good performance on the separation processes?®?. For
example, the commercial hydrophilic membrane PERVAP 2201 (Sulzer) was applied
in the synthesis of ethyl acetate from the esterification reaction of ethanol and lactic
acid. The conversion of lactic acid was much higher than in the conventional reactor
(limited by equilibrium) because the by-product water was removed selectively during
the reaction, which shifted the thermodynamic equilibrium. Furthermore, the
conversion of lactic acid related to the ratio of membrane area vs. initial reaction

volume. A higher ratio led to a higher conversion.
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Assabumrungrat et al. compared the performance of pervaporation (PVA membrane)
-reactor operated under continuous stirred tank reactor (CSTR) and plug flow reactor
(PFR) for the reaction tert-butyl alcohol (TBA) and ethanol to produce Ethyl tert-Butyl
Ether (ETBE) by a zeolite catalyst 233, Comparing with conventional semi-batch reactor,
pervaporation-reactor has better yield due to selective removal of water from the
reaction mixture. The performance of PFR offers higher yield than CSTR in wide range
of operational conditions. It is concluded that it is desire to operate at low temperature

with a high ratio of membrane area to catalyst weight.

Feng et al. simulated a batch reactor integrated with a pervaporation unit for removing
water from esterification mixtures?34. It was found that a complete conversion of one
reactant can be achieved when the other one is in excess. The joint effect of membrane
area (A), initial volume of reaction mixture (Vo) and membrane permeability (w)
determine the reactor performance. It turns out that the higher the value of w(A / Vo),
the higher the conversion at a given reaction time. Hence, low permeability can be
made up by increasing membrane area. However, when w(A / Vp)= 1 h™!, the reactor
performance reaches its upper limit. In addition, temperature is an important factor

because it influences reaction rate and membrane permeability.

The study of application of commercial membranes on pervaporation-reaction
processes has been performed. Even though the quantity is still limited, it shows this
application can be potentially achieved in industrial scale. In Table 2-4, it shows that
the conversions are improved when a pervaporation is coupled with reactor.
Pervaporation has distinctive advantage to improve conversion and it has great

potential in industrial applications.
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Table 2-4. The application of commercial membranes on pervaportion-reaction
hybrid process

Reaction Catalyst Membrane Conversion Conversion Ref
(Without PV) (With PV)
Lactic acid + Amberlyst PERVAP Lactic acid Lactic acid 195
ethanol produces 15 2201 conversion 0.21 conversion 0.88
Ethyl lactate
Acetic acid + p-toluene- PERVAP Acetic acid Acetic acid 235
benzyl alcohol sulphonic 1005 conversion 0.45 conversion 0.6
produces benzyl acid
acetate
Acetic acid + Amberlyst PERVAP isopropanol isopropanol 236
isopropanol 15 2201 conversion 0.66 conversion 0.78
produces
isopropyl acetate
Acrylic acid + n-  Amberlyst PERVAP Acrylic acid Acrylic acid 8
butanol produces 131 2201 conversion 0.68  conversion 0.96
n-Butyl acrylate
Propionic acid +  p-toluene- PERVAP Acrylic acid Acrylic acid 237
isopropyl alcohol  sulphonic 2201 conversion 0.69 conversion 0.98
produces acid
isopropyl
propionate
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Table 2-4. The application of commercial membranes on pervaportion-reaction
hybrid process (Cont.)

Reaction Catalyst Membrane Conversion Conversion Ref
(Without PV) (With PV)
Methyl ricinoleate + Lipomod-34P Polydimethyl Methyl Methyl 20
trimethylolpropane siloxane (PDMS) ricinoleate ricinoleate
produces conversion conversion
trimethylolpropane (Medicone) 0.41 0.88
ricinoleate
Lactic acid + Sulphuric PVA-PES Lactic acid Lacticacid °
isopropanol acid (Permionics) conversion conversion
produces isopropyl 51% 86%
lactate
Propionic acid + Cenoshpere PVA-PES Propionic Propionic 238
isobutyl alcohol (Permionics) acid acid
produces isobutyl (composed conversion conversion
propionate of Si0y, 67% 88%
Al203 and
Fe203)
Lactic acid + Sulphuric PVA-PES Lactic acid Lactic acid 239
butanol produces acid (Permionics) conversion conversion
butyl acetate 66% 88%
Acetic acid + Amberlyst 15 PERVAP 2201 Acetate acid  Acetate acid 240
isopropanol conversion conversion
produces isopropyl 73.8% 98.8%
acetate
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2.8 Conclusion

The application of pervaporation on the separation of liquid-liquid mixtures has been
studied extensively and applied on industrial scale. The most prominent example is
dehydration. The literature shows the great potential of pervaporation for the
separation or purification of bio-based products. Particularly for dehydration, such as
water removal from mixtures from esterification and fermentation, the membrane can

achieve a good separation and commercial membranes are available.

In addition, pervaporation can be a good alternative solution for breaking azeotropic
mixtures since the separation mechanism of pervaporation is only dependent on the
molecule-molecule interaction and the molecule-membrane materials interaction

regardless the thermodynamic equilibrium.

Nevertheless, stand-alone pervaporation is still not viable due to the lack of
membranes available for the separation. The development of novel membranes is the
key for the success for the purification of bio-based chemicals via pervaporation. Both
a high selectivity and a high transmembrane flux are desired, but a better selectivity is
more important than flux for the sake of separation. The low flux can be solved by
simply using a larger membrane area or a different membrane configuration, for
instance asymmetric membranes to enhance the flux. A more selective membrane is
attractive for real industrial applications on the purification of bio-based chemicals via
pervaporation. In addition, it can be seen that the hybrid system can give not only a
reduction of energy consumption during the separation process but also an
improvement of the conversion when connected with reactor. Compared with
alternative separation process, such as reactive distillation, the energy consumption of
pervaporation is more competitive in the bio-molecule purification process, which

reduces the overall cost.

In summary, pervaporation is an attractive membrane separation technology for bio-
based chemicals for real industrial applications due to the merits mentioned in this
chapter.
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Chapter 3. Materials and methods
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3.1 Introduction

In this section, the materials/chemicals and methods applied in performing this PhD
thesis are included. The experimental setup (the pervaporation separation unit) is
described in detail as well as the calculations to obtain the permeance and selectivity
of membranes, and the theory behind coupling effects. In addition, the analytical

techniques are also described.
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3.2 Chemicals

The chemicals used to perform all the experimental work were: methanol (>99%), n-
butanol (>99.9%), butyl acetate (>99.7%), ethanol (>99.0%) and ethyl acetate
(>99.8%), supplied by VWR PROLABO®, Belgium; methyl acetate (>99.0%) was
supplied by Merck, Germany; glycerol (bidistilled) from VWR PROLABO Chemicals,
France, purity =2 99.5%; dimethyl carbonate from ThermoFisher (Kandel) GmbH,
Germany, purity =2 99%; Sodium aluminate NaAlOz2, from Carlo Erba, Italy, purity 298

(used as catalyst for the transesterification reaction to produce glycerol carbonate)?3.

The chemicals used for the preparation of self-made polymeric membranes and the
corresponding experiments to determine the membrane performance were: dimethyl
carbonate (ReagentPlus®, 99%) and methanol (purity 99.8%), purchased from Sigma-
Aldrich; the polymer (poly(oxa-p-phenilene-3,3-phthalido-p-phenylene-oxy-phenylene),
namely PEEK-WC, was purchased from Chanchung Institute of Applied Chemistry
(China). The solvent chloroform (anhydrous, 299%, containing 0.5-1.0% ethanol as

stabilizer) was obtained from Sigma-Aldrich.

The materials and chemicals used for the preparation of supported ionic liquid
membranes and corresponding experiments to determine the membrane performance
were: the support membrane is a polyacrylonitrile (PAN) flat ultrafiltration hydrophilic
membrane, which was purchased from Synder Filtration (USA); Dimethyl carbonate
(purity >99%) and methanol (purity >99.8%) were purchased from VWR International
and Alfa Aesar, respectively; Lithium bis(trivoromethanesulfonyl)imide (purity>99%)
was purchased from Abcr GmbH, Germany; 1-octyl-3-methylimidazole (purity 99%)
was purchased from Alfa Aesar and 1-octyl-1-methylpyrrolidine (purity >98%) was
purchased from Acros Organics.

3.3 Membranes

3.3.1 Commercial membranes from SULZER

The commercial membranes Pervap 1255-30, 4155-40, 1255-50 and 4155-80
manufactured by Sulzer Chemtech GmbH (Germany) were studied in this work.
According to the information obtained from the supplier, they are composite

membranes containing three layers. The top layer is the active layer of the membranes,
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containing polyvinyl alcohol (PVA) with a thickness of 0.5-5 ym. In the middle, there
was a porous support layer with a thickness of 70-100 ym made of polyacrylonitrile.
Finally, at the bottom of the membrane, mechanical support layer with a thickness of
100-150 um was made of polyphenylene sulfide polymer. The information of thickness
of active layer of these commercial membranes is not provided by the supplier. It is
known that the PVA content in different types of membranes are different and the
supplier indicates that the last notation number expresses the degree of crosslinking:
the higher the number, the higher the degree of crosslinking. Hence, the 4155-80
membrane has the highest degree of crosslinking than the other ones, followed by
1255-50, 4155-40 and 1255-30. The membranes were immersed in the feed solution
for 24 hours before running a pervaporation experiment. In the membrane swelling
test, the mechanical support layer (polyphenylene sulfide) was stripped from the

membrane manually by using knife and tweezers.

The reaction mechanism of crosslinking of PVA membrane using a crosslinking agent

glutaraldehyde and sulfuric acid as a catalyst has been studied by Kim et al.?47.

The crosslinking reaction is expressed as follows:

CHOCH,CH,CH,CHO+2H* = OHCH'CH,CH,CH,CH*HO
(Glutaraldehyde)

4 M + OHCH'CH.CH,CH,CH'HO ——

OH
(PVA)
fCHfQHf fCHz—(IJH* —CHZ_(IZH— —CHZ—(IZH—
0 0 0 e} +2H;07
e L

CH-CH,-CH,-CH,-CH
(Crosslinked PVA)

2H;0* = 2H,O +2H"
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The concentration of glutaraldehyde determines the degree of crosslinking with a
linear relationship, an increase of degree of crosslinking respects to the increase of
glutaraldehyde concentration?*2. However, the mass ratio of glutaraldehyde/PVA with
0.01 can achieve highest crosslinking density, further increase glutaraldehyde
concentration results in the branching of PVA instead of crosslinking?43.

3.3.2 Self-made PEEK-WC membranes

The polymer PEEK-WC (poly(oxa-p-phenilene-3,3-phthalido-p-phenylene-oxy-
phenylene) (2 g) was dissolved in chloroform (18 g) by magnetically stirring overnight
to allow its complete dissolution at room temperature?**. The solution was then casted
on a glass plate by means of a manual casting knife (thickness 250 um). After solvent
evaporation, the casted film was immersed in a coagulation bath containing distilled
water in order to detach the obtained dense membranes. Then, they were dried in an
oven at 40 °C for 24 hours. The thickness of membrane PEEK-WC was 250 + 0.5 ym

with 3 measurements. The preparation of membrane is shown in Figure 3-1.
3.3.3 Supported ionic liquid membranes

A hydrophilic PAN flat sheet membrane was used as the support membrane, it is
purchased from Synder Filtration (U. S. A.). All the SILMs used through this study were
prepared by the following immobilization procedure: a commercial circular flat sheet
ultrafiltration membrane (PAN) was placed inside the membrane cell. The ionic liquid
was added on top of the membrane with a pipette. The quantity of the added ILs was
enough to cover the surface of the porous membrane homogeneously and completely.
An O-ring was installed on the circular membrane and gently pressed down on the
membrane. Then, the membrane cell was closed by lifting it from the holder and
inserting the bottom part into the upper part of the cell, so that both parts fit smoothly
into each other. Finally, the cell was fixed and tightened by closing the bolts. A vacuum
from a rotatory pump (50 mbar) was applied for 2 hours to remove all of the air from
the pores of the membrane and suck the ionic liquids into the pores. When the
immobilization was completed, the excess of IL on the membrane surface was
removed carefully using a tissue. To determine the amount of ionic liquid immobilized

in the support membrane, all the membranes were weighted before and after
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impregnation with an analytical balance (AE 260 mettler toledo, Belgium). The

thickness of the prepared SILM is around 200 + 0.5 um with 3 measurements.

Polyacrylonitrile (PAN) is chemically stable and PAN ultrafiltration membranes can be
prepared via phase inversion process?#®. It shows excellent mechanical and chemical

stability?*®. According to the information provided by supplier, the porosity is 60% - 70%

and contact angle is 81°. The amount of ionic liquid immobilization is 67.7 + 1.4 g/m?

for [OMIM][NTf2] and 69.6 + 1.25 g/m? for [OMPyrr][NTf2], respectively.

(a) (b) (c)

(d)

Figure 3-1. PEEK membrane preparation: (a) Preparation of polymer solution;
(b) Casting on a glass plate; (c) after evaporation; (d) detach membrane from glass
plate.
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3.4 Pervaporation setup

In this work, two pervaporation units were used for the pervaporation laboratory tests.
3.4.1 3" round cell from Sulzer Chemtech (Sulzer unit)

Pervaporation experiments were carried out using a pervaporation laboratory test
unit with a 3” round cell from Sulzer Chemtech, Switzerland. The schematic
representation and photo of the pervaporation laboratory test unit and the 3” round
cell from Sulzer Chemtech, Switzerland, is shown in Figure 3-2. The experimental
temperature (temperature in the membrane cell) was kept at desired temperature by a
heating circulator (Julabo model ME, Germany). The vacuum pressure at the permeate
side is 8-12 mbar provided by a vacuum pump. A flat sheet membrane with a diameter
of 7.0 cm (active area of 38.48 cm?) was installed in the membrane cell. All tested
membranes were immersed in the feed solution for 24 hours before the experiment
was carried out. When the experiment started, the set-up was allowed to stabilize for
two hours before the samples of permeate were collected. The feed solution was
transported and recirculated by using a centrifugal pump with a peripheral impeller
(Speck Pimpen Systemtechnik GmbH, Germany) and the flow rate was between 70-
80 L/h. With this high flow rate, the estimated Reynolds number reached 12550 in the
membrane cell, according to the calculations shown in Appendix A3.1. Concentration
polarization is a phenomenon produced by concentration gradients at the membrane
and the liquid feed interface due to the selective transportation of some species
through the membrane. The impact of concentration polarization may be enhanced
due to the increase in membrane permselectivity. However, concentration polarization
is unlikely to have a strong impact on the pervaporation separation performance when
the feed concentration is high?*’. Therefore, a turbulent flow in the membrane cell can
be achieved in order to reduce the concentration polarization effect. The permeate was
collected every 30 minutes or 60 minutes, depending on the amount of permeate
collected. The feed sample was collected and analyzed at the beginning of the
experiment and every 2 hours. A constant value of feed concentration was observed,
which indicates that no chemical reaction took place during the experiment and a
pseudo steady state could be kept due to the recycling of the retentate. The analysis

of concentration was performed by gas chromatography, according to section 3.6.

72



Chapter 3

Fee

(Fill

Thermocouple

?

Membrane
cell

Vacuum
pressure meter

Vacuum
pump

Cold trap

Y

A 4

&

r'

Thermocouple

Pressure
meter
Feed

sampling

Flow rate
meter

Q pump

Re-circulated

>

Ne—

din
ing)

Feed
storage
tank

A

Heating
source

Figure 3-2. Schematic representation of the pervaporation experimental
equipment

3.4.2 DeltaE s.r.l cell

The second pervaporation unit used in this thesis was produced by DeltaE s.r.1., Italy.
The scheme and photo of the experimental set-up is presented in Figure 3-3. It is
composed of a stainless feed tank with inner diameter 89 mm, an overhead stirrer, a
heating circulator and a vacuum pump. The principle of this pervaporation
experimental set-up is the same as the 3” round cell from Sulzer. An overhead stirrer

was installed with a rotation speed of 40 rpm in order to avoid concentration and
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temperature polarization on the surface of the membrane. The estimated Reynolds
number is within the range from 4110.85 to 4851.40 in the membrane cell. Hence,
turbulent flow conditions are achieved. In this setup, the feed solution is confined in
the membrane cell, involving no cross flow over the membrane, which is a key
difference with the pervaporation unit from Sulzer (section 3.4.1). The vapor
permeate was condensed and collected in a “U” type glass trap immersed in a liquid

nitrogen tank.

Overhead
stir

Membrane “

cell

Vacuum
Heating
source

pressure meter

Vacuum
pump

Cold trap

Figure 3-3. Scheme of the pervaporation experimental set-up
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3.5 Pervaporation experiments

3.5.1 Experiments performed with the Sulzer Unit
3.5.1.1 Quaternary mixture of reaction 1 and reaction 2

For reaction 1 and reaction 2, two different quaternary mixtures were prepared as
feed solutions: 1) methyl acetate, n-butanol, butyl acetate and methanol, named
mixture M1; and 2) ethyl acetate, methanol, methyl acetate and ethanol, named
mixture M2. Both mixtures were stored in a 1.5-liter stainless steel feed tank. In the
poly(vinyl alcohol) production, the mixture of methyl acetate (0.2 molar fraction) and
methanol is a by-product. Jimenez et al.?” designed a new process route to recover
methyl acetate from a feed solution composed of (mole fraction): 0.2 (methyl acetate),
0.15 (n-butyl acetate), 0.35 (methanol) and 0.3 (n-butanol). This composition was also
studied in this thesis as the mixture M1 in order to have a real industry scenario. For
mixture M2, in the work of Dossin et alf°, the molar ratio of methanol/ethyl acetate is
0.1-10. In order to make a comparison with the mixture M1, the same organic solvents
are kept the same molar fraction in the mixture M2. Therefore, the concentration of
methyl acetate and methanol in mixture M2 is kept the same as those in mixture M1.
The mole fraction of ethyl acetate and ethanol is 0.15 and 0.3, respectively. In this work,
each experiment was carried out twice in order to check the reproducibility of
experimental results. The analysis of concentration was performed by a Shimadzu GC-
14A gas chromatograph as indicated in section 3.6.1.

3.5.1.2 Quaternary mixture of reaction 3

The feed solution corresponds to the mixture of the transesterification reaction
between glycerol and dimethyl carbonate (reaction 3). The initial mixture before the
reaction starts is biphasic (mixture of glycerol and DMC). The molar fraction of the
initial mixture is 1:2 in glycerol/DMC, an excess of dimethyl carbonate being used both
to favour the kinetics of the reaction and to force the equilibrium towards the formation
of glycerol carbonate. Noteworthy, glycerol is a relatively viscous liquid, and using more
dimethyl carbonate can improve the mixing between reagents and the catalyst.
Glycerol (678.75 g), DMC (1386.74 g) and the catalyst NaAlO2 (18.83 g) are mixed in
a 2500 mL round bottom flask glass reactor equipped with a magnetic stirrer and

heated in an oil batch. The reaction was run for 30 min at 90 °C. After reaction, the
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mixture was filtered in order to remove the fine powder catalysts. The final
concentration of the filtered mixture is determined by gas chromatography (see section
3.6.2). After filtration, the mixture is a monophasic system with a molar ratio of
0.075/0.291/0.193/0.44 in glycerol/DMC/glycerol carbonate/methanol. A calibration
curve is obtained by performing GC analysis of samples of known concentrations.
Three trials were done for each of the data points. This information was then used to
estimate the error bars. The standard deviation is +/-0.03. Theoretically, the reaction
stoichiometry of glycerol carbonate and methanol is 1:2. Experimentally, the molar
fraction of glycerol carbonate and methanol was 0.193(+/-0.03):0.44(+/-0.03). This

mixture is the feed solution for the pervaporation experiments.
3.5.1.3 Binary mixture DMC and methanol via SILMs

The experimental temperature in the membrane cell was kept at 30 °C (+/- 2 °C). The
temperature was maintained by a heating circulator (Julabo, Germany). A vacuum
pump was used at the permeate side giving a vacuum pressure of 1-2 mbar. The
prepared supported ionic liquid membranes were placed in the membrane cell and the
surface area of installed supported ionic liquid membrane was 38.48 cm? (diameter 7.0
cm). The sampling of the permeate was collected after two hours running of the system
in order to reach stable conditions. The sample of permeate was weighed every 60
minutes. The concentration of samples was analyzed every 120 minutes by means of
gas chromatography as indicated in section 3.6.3. The prepared membranes were
tested with different composition of binary mixtures methanol/DMC. The feed

compositions were 0.2, 0.5, 0.8 mole fraction of methanol.

3.5.2 Experiments performed with the DeltaE s.r.l cell for binary mixtures of

dimethyl carbonate and methanol (reaction 3)

From the experimental results shown in chapter 5, it was decided to focus on the
separation of the binary mixture dimethyl carbonate and methanol. The feed solution
(around 100 mL) was poured in a stainless steel feed tank with an inner diameter of
89 mm. The feed compositions of 0.1, 0.3, 0.5, 0.7, 0.9 mole fraction of methanol were
studied. When the experiment started, the system was run for two hours in order to
achieve quasi static steady state before the sample of the permeate was collected. An

overhead stirrer was installed with a rotation speed of 40 rpm in order to avoid

76



Chapter 3

concentration and temperature polarization on the membrane surface. A heating
circulator was employed to maintain the experimental temperature of the feed solution
at 30, 40, 50 or 60 °C (+/- 2 °C). The prepared membrane was contacted with different
compositions of binary mixtures methanol/DMC. The prepared PEEK-WC membrane
was immersed in the feed solution for 24 hours before the start of the experiments.
The permeate was collected every 60 minutes and the composition of the permeate
was analysed by means of an Abbe 60 type direct reading refractometer (Bellingham+
Stanley Ltd., UK) at 25 °C.

3.6 Gas chromatography analysis

3.6.1 Reaction 1 and reaction 2

A gas chromatograph (Shimadzu GC-14A) was applied for determining the
composition of permeate and feed solution from reaction 1 and reaction 2. The mobile
phase was helium. The packed column is Stabilwax (Length: 30 m, Internal Diameter:
0.32 mm, DF: 1.0um) and equipped with a FID (flame ionisation detector). The initial
injection temperature was 200 °C and the detector temperature was 250 °C. The
parameters of the headspace (injection of vapor) are: the temperature was 80 °C, the

temperature of the needle was 100 °C and the injection time was 0.02 minutes.
3.6.2 Reaction 3

The reaction products before and after pervaporation of reaction 3 were analyzed by
gas chromatography (GC-456 SCION BRUKER) equipped with a flame ionization
detector, split/splitless injection unit and a capillary column (DB-WAX, 30 m, 0.25 mm,
0.25 m). Helium was used as the carrier gas. The injection was performed in split mode
with a split ratio of 100:1. Initially, the oven temperature was set at 80°C and it was
increased at the rate of 15°C /min until it reached 240°C. Then, it was maintained at
this temperature for 15 min. The FID and injection temperatures were fixed at 270°C
and 300°C, respectively. The molar fractions of the organic compounds based on a

calibration curve were obtained from the analysis of the gas chromatograph.
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3.6.3 Samples from the experiments of supported ionic liquid membranes

The composition of feed and permeates were analyzed by gas chromatography
(Interscience  TRACE 1300) equipped with a flame ionization detector (FID),
split/splitless injection (SSL) unit, thermal conductivity detector (TCD) and a capillary
column (Stabilwax, 30 m, 0.32 mm, 1 um). The carrier gas was helium and the injection
was performed in split mode with a split ratio of 100. Initially, the oven temperature was
set at 50°C and it was increased at the rate of 20°C /min until it reached 150 °C. Then,
it was maintained at this temperature for 1 min. The FID and injection temperatures
were 250°C and 300°C, respectively.

3.7 Membrane characterization

3.7.1 Measurement of membrane sorption

Sorption measurements were performed in the separation of binary mixtures
methanol/DMC using PEEK membranes. Three membrane pieces were immersed and
weighed in pure solvents as well as in methanol/DMC mixtures with a combination of
0.1, 0.3, 0.5, 0.7, and 0.9 molar fraction at room temperature (25 °C) for 7 days so that
the membrane and solution reached sorption equilibrium. After achieving sorption
equilibrium, the membranes were taken out from the solution. The excess of liquid on
the membrane surface was removed immediately by using tissue paper. After cleaning,
the membrane was weighed on a high precision balance (Mettler-Toledo, AE200,
Belgium) with a precision of +/- 0.0001 g. The sorption degree of the membrane was
then calculated by the following equation?42:
sp="2"" 100% (3-1)

mgq

where m is the mass of membrane (g); subscripts w and d refer to the membrane after

sorption (wet) and before sorption (dry), respectively.
3.7.2 Contact angle measurement

Wettability is the ease of spreading of a liquid on a solid surface. It is determined by
contact angle measurements. The contact angle (6) with water is obtained by

measuring the angle between the solid-liquid interface and the liquid-vapor interface.
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When 6 <90°, the membrane is defined hydrophilic. Otherwise, the membrane surface
is hydrophobic. The contact angle of the membrane surface was measured by an
optical instrument (Nordtest srl, G-I, Italy) at room temperature and the measurements
were repeated three times. A water droplet generated by a needle was dropped on the

membrane surface and the contact angle was measured immediately.
3.7.3 Mechanical test

For PEEK membranes, mechanical tests were performed using a Zwick/Roell testing
machine single column model Z2.5, equipped with a 50 N maximum load cell (BTC-
FR2.5TN-D09, Germany). Each membrane sample (1 cm x 5 cm) was stretched
unidirectionally at the constant rate of 5 mm/min until its break.

3.7.4 Scanning electron microscopy (SEM) analysis

The morphology of the prepared PEEK membranes (top, bottom and cross-section)
was evaluated by scanning electron microscopy (Zeiss, EVO MA10). Before the
analyses, all the samples were sputter coated with a thin layer of gold (Quorum Q150

RS) to make them conductive.

For supported ionic liquid membranes, in order to qualify the quality of impregnation (if
they were filled up with ILs), the morphology of the cross section before (raw PAN
membrane) and after adding the ILs was analyzed by SEM (Zeiss, ULTRA). Before
analysis, all the samples were sputter coated with a thin layer of gold (BALZERS
UNION FL 9460 BALZERS SCD 030) to make them conductive. SILMs were cut in
small rectangular pieces and immersed into liquid nitrogen. As the polymeric material
from which they are made up is very brittle at such low temperatures, samples were

broken without deforming the cross section.
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Chapter 4. Application of pervaporation in
the production of butyl acetate and methyl

acetate

Based on:

Wenqi Li, Patricia Luis, Understanding coupling effects in pervaporation of multi-

component mixtures, Separation and Purification Technology 197 (2018) 95-106.
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4.1 Introduction

In this chapter, commercial membranes for organic-organic separations from Sulzer
were used at different temperatures and different concentrations of the feed solution.
The performance of each membrane is evaluated for the two model transesterification
mixtures produced in reaction 1 and reaction 2. The mixture from reaction 1 (methyl
acetate, butyl acetate, butanol and methanol mixture) refers to mixture M1 and the
mixture from reaction 2 (ethyl acetate, methyl acetate, ethanol and methanol mixture)
refers to mixture M2. Since strong coupling effects were observed, the objective of the
work was oriented to determine the origin of component interactions. Firstly, coupling
effects were evaluated by studying and comparing the solubility of pure substances
and mixtures in the polymeric membrane, based on the Hansen solubility theory.
Secondly, the variation of activities within the membrane was investigated, following

the Flory-Huggins theory.
In this chapter, the following scientific question will be studied:

- Is it possible to apply theories based on solubility parameters, which is commonly
used in material screening, to predict potential coupling effects in the separation?

4.2 Sorption experiments

Figure 4-1 shows the sorption experimental data, which is the average of three
samples, and the standard deviation. An increase of the membrane weight after
immersion in pure solution and in the different mixtures is observed. For pure solution,
the membranes sorb preferentially more alcohols than esters with butyl acetate as
exception. The sorption degree follows: butanol > butyl acetate > ethanol > methanol >
methyl acetate = ethyl acetate. Methyl acetate and ethyl acetate have a very low
sorption degree. Comparing the two mixtures, mixture M1 leads to a larger weight
increase than the mixture M2. This could be caused by the presence of butyl acetate
in the mixture 1. In pervaporation, polymer-solvent interactions combine sorption and
membrane swelling in liquid media. When the polymeric membranes swell, the
swelling of polymers involves either mutual solution of miscible substances, e.qg., the
penetrants and the polymer, or solution of the low molecular penetrants in the polymer.
The affinity between the penetrant and the polymer determines the concentration of
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penetrant in the polymeric membrane. In either case, a higher solubility of the
penetrants in the polymeric membrane leads to an enhanced chain mobility which
increases the diffusivity of penetrant?4°. On the other hand, a more swollen polymeric
membrane can permit a relatively large molecules diffuse through?%°. Therefore, the
transmembrane flux can increase due to the swelling effect. Contrarily, the membrane
selectivity can decrease because larger molecules can pass through the membrane.
For this reason, it is important to be aware of the impact of swelling effects caused
by the interaction between the penetrant and the polymer?'. The sorption of
penetrants by polymer is caused by the equilibrium between the chemical potentials
of the penetrants in the system?2. Therefore, it is important to immerse the

membranes in the feed solution prior to perform the experiment.
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Figure 4-1. Sorption degree after immersion of membranes in the pure solution,
in the mixture of methyl acetate (MeAc), butyl acetate (BuAc), butanol (BuOH) and
methanol (MeOH) with molar fraction 0.2/0.15/0.3/0.35 (mixture M1), and mixture of
methyl acetate (MeAc), ethyl acetate (EtAc), ethanol (EtOH) and methanol (MeOH)

with molar fraction 0.2/0.15/0.3/0.35 (mixture M2)
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4.3 Pervaporation on pure solution

During the pervaporation experiments, the experiments of pure solution and mixture
were performed twice. The transmembrane flux is the average of both experiments.
The reproducibility of the results is calculated in terms of standard deviation based
on two experimental measurements. In order to detect coupling effects in
multicomponent mixtures, it is necessary to determine the permeance of each
compound when they are alone in the feed. The results of the transmembrane flux of
each pure compound through the studied membranes at different temperatures are
shown in Figure 4-2. The driving force for mass transport is strongly affected by the
concentration and the vapor pressure of the compound??. As a result, the
transmembrane flux cannot reflect the real interaction/affinity between compounds
and the membrane material. Thus, the permeance is key to eliminate the influence of
the applied driving force, shown in Figure 4-3. For pure solution, the selectivity has
been calculated as the ratio of the permeance of each pure compound related to the

permeance of methanol.
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Figure 4-2. Transmembrane flux of pure compounds, (a) 1255-30 membrane;
(b) 4155-40 membrane; (c) 1255-50 membrane; (d) 4155-80 membrane

In Figure 4-3, it can be observed that all the membranes can permeate the alcohols
and follow the preferential permeability sequence of butanol, methanol, and ethanol
at different temperatures. The membrane 4155-40 can permeate butyl acetate only
at higher experimental temperature (334 GPU at 50 °C) and the membranes 1255-
50 and 4155-80 do not permeate methyl acetate, ethyl acetate and butyl acetate
(permeate was not produced during the experiment). From the experimental
evaluation of sorption by alcohols shown in section 4.2, it was observed that the
membranes can sorb all alcohols, which is in good agreement with the pervaporation
results (all the alcohols can be permeated). Methanol has the highest transmembrane
flux due to its high vapor pressure and small molecule size (Figure 4-2). However,
when looking at permeance in Figure 4-3 to remove the effect of the driving force, it

is clear that butanol has the highest permeance, followed by methanol and ethanol.
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In addition, the membranes 1255-50 and 4155-80 are very selective to alcohols and
do not allow the permeance of esters. This result is also consistent with the result
obtained from sorption of pure solutions of methyl acetate and ethyl acetate due to
the low sorption degree. However, butyl acetate does not follow this trend. These
membranes preferentially sorb butyl acetate but no permeate was obtained. This
phenomenon confronts the pervaporation results with the sorption results. The
explanation could be related to the membrane-solvent interaction and the membrane
structure. The membranes 4155-80 and 1255-50 have less free volume for
permeation comparing with the other two types of membranes because only certain
size of molecules can diffuse easily through the membrane. According to the solution-
diffusion model, the permeants have to be sorbed by the polymeric membrane, then
diffuse through the membrane due to the difference of partial pressure across the
membrane’. Therefore, after sorption, if the free volume is large as may be in the
membrane 1255-30, larger molecular size compounds (such as butyl acetate, which
has largest molecular size among all compounds) can diffuse through the membrane.
On the contrary, when the free volume is small, the large molecules cannot diffuse
through the membrane, as happens in the membranes 1255-50 and 4155-80, in
which only alcohols can diffuse due to their small molecular size. On the other hand,
the mobility of polymer chains and the free volume can allow faster diffusion by
increasing temperature. Therefore, butyl acetate was not observed in the permeate
of the membrane1255-40 at 30 °C but it was observed at 50 °C. In addition, the
permeance of butyl acetate is much lower than that of methanol and ethanol, but it
has higher sorption degree than these two alcohols. Thus, diffusion is the limiting

factor of the permeance of this compound through the membrane.
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Figure 4-3. The permeance (left) and selectivity of different type of membranes
for different pure compounds at different temperature, (a) 1255-30 membrane, (b)
4155-40 membrane, (c) 1255-50 membrane and (d) 4155-80 membrane
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4.4 Pervaporation of mixtures

4.4.1 Effect of the feed composition

The results of transmembrane flux and separation factor for the mixture M1 and
mixture M2 have been included in Appendix Figure A4.1, Figure A4.2, Figure A4.3
and Figure A4.4, respectively and the experimental results of permeance and
selectivity for the mixture M1 and mixture M2 are shown in Figure 4-4 and Figure 4-5,
respectively. The experimental data show a significant decrease in the permeance of
the components when the temperature increases. This phenomenon can be
interpreted in terms of activation energy. The activation energy of permeation has an
impact on the change of the permeation behavior of membranes caused by
temperature variation'®%, The activation energy of diffusion is normally positive: a
higher temperature enhances the diffusivity of molecules, increasing the permeation.
On the other hand, the heat of solution can be negative in a sorption process: a higher
temperature may cause a disadvantage for sorption. The final activation energy of
permeation is defined as the contribution of these two processes. If the sorption is
dominant, the activation energy is negative, leading to a decrease of permeance with

an increase of temperature.
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Figure 4-4. The permeance (left) and selectivity (right) of different types of

membranes for mixture M1 at different temperature (a) 1255-30 membrane, (b) 4155-

40 membrane, (c) 1255-50 membrane and (d) 4155-80 membrane
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For the mixture M1 (Figure 4-4), several interesting observations can be inferred from
the results. Firstly, butanol presents the largest permeance in spite of the highest flux
of methanol. This aspect is directly related to the effect of the higher driving force that
methanol has in the mixture due to a higher volatility, as indicated before. Secondly,
butyl acetate presents a permeance higher than methanol in all the membranes, while
a lower permeance was observed when working with pure feed solutions. A clear
coupling effect of butyl acetate by the presence of other compounds is taking place.
Thirdly, methyl acetate and ethyl acetate were obtained in the permeate for the
membranes 1255-50 and 4155-80 when the feed solution is a multicomponent
mixture, but in section 4.3, it was observed that both components did not permeate
through the membranes (1255-50 and 4155-80) regardless the temperature and only
alcohols did permeate through these membranes when pure solutions were
considered. This result is also an indication of the presence of coupling effects among

components, in which some compounds are dragging others through the membrane.
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Figure 4-5. The permeance (left) and selectivity (right) of different types of
membranes for the mixture M2 at different temperatures (a) 1255-30 membrane, (b)
4155-40 membrane, (c) 1255-50 membrane and (d) 4155-80 membrane

Regarding the mixture M2 (Figure 4-5), the main aspect to highlight is the dramatic
increase of the permeance of ethanol when present in the multicomponent mixture.
In Figure 4-3, the permeance results of the pure compound showed a much lower
permeance in comparison with methanol for all the membranes. However, in the
mixture, ethanol is the main permeant for the membranes 1255-30 and 4155-40, it
shows a similar permeance than methanol in the membrane 1255-50, and it shows a
slightly lower permeance than methanol in the membrane 4155-80; but in all cases,
the permeance of ethanol in absolute values is increased in comparison with the
results using pure ethanol as feed solution. The presence of other compounds is

clearly enhancing the permeance of ethanol through the four studied membranes.
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The coupling effects indicated above can be interpreted in terms of the Hansen
solubility theory, described in section 1.3.1. A 3D representation of the Hansen
solubility sphere and projection into hydrogen-polar plane and hydrogen-dispersion
plane for 30 °C are shown in Figure 4-6. The 3D representation for 40 °C and 50 °C
can be found in Appendix (Figure A4.5 and Figure A4.6, respectively). From the
information obtained from the supplier, the active layer of the studied membranes
contains polyvinyl alcohol (PVA). The membrane 4155-80 has the highest degree of
crosslinking than the other membranes, followed by 1255-50, 4155-40 and 1255-30.
According to the literature®, the interaction radius (Ro) of PVA is around 10.9 MPa'?.
From Table 4-1, it is clearly shown that the distance between alcohols to the center
of polymer (PVA) solubility sphere is shorter than interaction radius, therefore, these
alcohols are located in the polymer (PVA) solubility sphere. On the other hand, esters
were located outside of polymer (PVA) solubility sphere. This suggests that the
membrane has more affinity to alcohols than to esters. This could explain the
phenomenon observed in the sorption test, in which methyl acetate and ethyl acetate
have a very low sorption degree (see Figure 4-1). In the pervaporation experiments
of pure feed solution, the membranes 1255-50 and 4155-80 cannot permeate methyl
acetate and ethyl acetate because these membranes contain a high fraction of PVA.
These two compounds are not able to dissolve into the PVA membrane. The
temperature effect can be compared with the three tables (Table 4-1 (30 °C), Table
A4.3 (40 °C) and Table A4.4 (50 °C) in Appendix at 30 °C, 40 °C and 50 °C,
respectively.). It is observed that the solubility parameters (6, 6p and §y) decreased
with an increase in temperature. But the Ra of all esters and PVA increases
significantly, this also indicates that the increase of temperature does not enhance

the solubility of esters to PVA.
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Table 4-1. Calculated Hansen solubility parameters of each component/mixture
and Raat 30 °C

Material 6o op On Ra
PVA 17.2 13.6 15.4

Methyl acetate 14.1 6.9 7.3 121
Butyl acetate 14.7 3.6 6.1 14.5
Ethyl acetate 14.4 5.1 6.9 13.2
Methanol 15.0 12.3 222 8.2
Butanol 15.9 5.7 15.7 8.3
Ethanol 15.7 8.8 19.3 6.9
Mixture M1 15.1 6.6 12.8 8.5
Mixture M2 14.8 8.2 14.0 7.3

Regarding the mixtures, the Hansen solubility parameters were changed according
to the volume fraction of each component, calculated by equation (1-5). In Table 4-1
and Figure 4-6, it can be observed that the distance between mixture M1 and mixture
M2 and the PVA sphere center is 8.5 and 7.3, respectively. Both of them are located
inside the PVA solubility sphere. This indicates that both mixtures can dissolve in the
PVA polymer. Consequently, all the components in the mixture can be sorbed by the
membrane and then, diffuse through the membrane. Hence, it can be concluded that
the sorption behavior of the polymeric membrane material changes due to the change
of feed composition, which leads to the variation of the solubility of the different

components into the polymer.
4.4.2 Effect of variation of the activity coefficient within the membrane

In addition to the coupling effects caused by the different solubilities of components
into the membrane, which is affected by the concentration, another aspect that can
affect the permeance of components is the variation of the activity coefficient of the
components within the membrane®. The interaction of permeants inside the
membrane and the interaction of permeants and polymeric membrane in
pervaporation process may have a strong impact on the performance of a polymeric
membrane. The activity coefficient of one component can change when introducing

other components or by contacting membrane materials. Thus, a positive or negative
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influence can occur on the membrane performance. In this part, only the interaction
of the feed compounds and the PVA polymer material are investigated, regardless of
other factors such as polymer membrane structure. The experimental data of the
membrane 1255-30 is applied in the analysis as example. In order to study the
thermodynamic property inside the membrane by means of activity during the
pervaporation process, it is assumed that the composition within the membrane is
identical to the composition of permeate. The activities of the mixture in the feed
solution and the mixture within the membrane were calculated according to Eq. (1-7)
and they are shown in Table 4-2 for both mixture M1 and mixture M2.

Table 4-2. The activity of the mixture in the feed solution and the mixture within
the membrane

Mixture 1 Methanol ;v:;ttl;{:e Butanol Butyl acetate
Activity within membrane
(30 °C) 0.61 0.28 0.10 0.06
Activity in mixture (30 °C) 0.51 0.34 0.25 0.24
Activity within membrane
(50 °C) 0.60 0.25 0.13 0.06
Activity in mixture (50 °C) 0.36 0.31 0.31 0.33
Mixture 2 Methanol a""":‘:tt';{é Ethanol Ethyl acetate
Activity within membrane
(30 °C) 0.61 0.22 0.29 0.1
Activity in mixture (30 °C) 0.40 0.36 0.33 0.28
Activity within membrane
(50 °C) 0.57 0.23 0.31 0.13
Activity in mixture (50 °C) 0.40 0.35 0.32 0.27

In Table 4-2, the activity of each component within the membrane and in the mixture
were calculated. In both mixtures, the activity of methanol was enhanced inside the
membrane. This indicates that the local driving force within the membrane can be
enhanced or reduced due to the interaction between permeants and polymer. One
interesting observation is obtained when comparing the separation factor of the
membrane 1255-30 for both mixtures. A high separation factor indicates that the
component is concentrated in the permeate. It is observed that the separation factor

in the mixture M1 (Appendix Figure A4.2) based on butyl acetate follows the order:
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methanol>methyl acetate>butanol>1 and the separation factor in the mixture M2
(Appendix Figure A4.4) based on ethyl acetate follows the order:
methanol>ethanol>methyl acetate>1. These trends follow exactly the order of activity
values within the membrane, although the activity of methyl acetate in the solution is
higher than that of ethanol (gray color in Table 4-2).

The results discussed above illustrate that the coupling effect can be also explained
by the activity of the component within the membrane, leading to a different driving
force than that produced by the feed solution. It indicates that interaction of
components and membrane material is an important factor that can influence the
permeation flux and composition in the permeate due to the activity variation within
the membrane. In addition, the interaction between components and the membrane
material as well as the swelling capability and swelling preference to certain
components by the membrane material are critical factors in determining coupling

effects as indicated in section 4.4.1.

There are some different findings in the application of commercial membranes on these
two mixtures. The available information of the commercial membranes is that the
membranes could contain less free volume with increasing of its series number (30 to
80). 4155-80 membrane can be a higher cross-link loading among these commercial
membranes. Most  surprisingly, in the mixture butyl acetate/methyl
acetate/butanol/methanol, the experimental result shows that butanol is more
favorable to permeate through the membrane. This finding was unexpected. The
swelling of a solute in PVA depends on its polarity and molecular size. In the case of
alcohols, polarity decreases with an increase in carbon number and methanol is more
polar than another components. On the other hand, the chemical structure of alcohols
contains —OH group, and esters contain =O and —O- group. PVA is a hydrophilic
polymer with —OH group. Therefore, from the chemical structure, molecular size,
hydrophilicity, PVA should more favorable to permeate methanol. In the work by Okuno
et al.?%, it is found that the permeability and selectivity of PVC membrane was affected
by the molecular size of alcohols, small molecular alcohol gives a high permeation.
Therefore, methanol should be more favorable to permeate through the membrane
due to its small molecular size. In the literature'®2, the performance of the membranes
Pervap 2250-50 and Pervap 1201 made by Sulzer with a mixture of methanol/butyl
acetate and methyl acetate/methanol/butanol/butyl acetate has been reported and a
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similar phenomenon was observed. Although the exact information of these PVA-
based commercial membranes is unknown, it is possible to deduce that this series of
membranes may contain other materials, e.g. silicalite particles. In the literature?,
such as Pervap 1070 membrane, the selective layer filled with a certain amount of
silicalite particles. At a given temperature (25-65 °C), the butanol is more permeable
than water due to silicalite fillers in the membrane, which have a strong affinity to
butanol molecules. For this reason, the membranes can show a higher permeance for
butanol. In addition, butanol and butyl acetate have a high swelling degree in these
commercial membranes, this observation indicates that both of them easier to be
sorbed by the membrane. The pervaporation performance of this separation system is
found to be determined by this characteristics and respect to the preferential sorption

is the prerequisite to the preferential permeation?s.

On the other hand, in the mixture ethyl acetate/methyl acetate/ethanol/methanol
mixture, a quite different phenomenon was observed. The PVA membrane shows a
better affinity to alcohols (methanol and ethanol) than esters (ethyl acetate and methyl
acetate). However, methanol and ethanol do not show good separation because their
selectivity is close to unity. The possible reason is that the methanol could swell the
PVA membrane significantly. The swelling of methanol-selective membranes by
methanol has been reported in the literature?®6-2%8, As the liquid solvent inside the
membrane increases, the relaxation of polymer chain can occur and increases the size

of free volume of the PVA membrane, therefore, the membrane loses its selectivity.
4.5 Conclusions

The application of pervaporation requires the understanding of coupling effects that
may take place during the separation of multicomponent mixtures. It is observed that
the separation performance of two transesterification mixtures resulting from two
model reactions have strong impact on this effect. Four commercial membranes

containing different fractions of PVA have been studied.

Coupling is a complex phenomenon produced by the interaction among components
and the interaction between components and the membrane material. This
phenomenon has been observed after comparing the membrane performance with

pure solvents and two quaternary mixtures. The coupling effect can be explained with
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different approaches, which have been described in this work: a modification of the
solubility of components in the polymer (described by the Hansen solubility approach);

and the change of the components activity within the membrane.

The modification of solubility due to the presence of other components can change
the membrane performance. A pure component, which can not permeate through
membrane, can be obtained in the permeate when it is present in a mixture as feed
solution. Therefore, it suggests that the Hansen solubility parameters of mixture
should be taken into account. It is concluded that Hanson solubility parameters can
be applied for predicting potential coupling effects in the separation.

The difference of activity coefficients considering the polymer and without the
polymer were compared. It was found that the polymer material can enhance or
reduce the activity, thereby, the driving force calculated within the polymer film is not
identical to that calculated from the feed solution directly. The activity of each
component within the membrane should also be analyzed in order to investigate the
driving force within the membrane could be an important factor that motivates the

mass transfer through the membrane.
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Chapter 5. Application of pervaporation in

the production of glycerol carbonate

Based on:

Wenqi Li, Ramesh Sreerangappa, Julien Estager, Jean-Christophe M. Monbaliu,
Damien P. Debecker, Patricia Luis, Application of pervaporation in the bio-production
of glycerol carbonate, Chemical Engineering and Processing: Process Intensification,
132 (2018) 127-136.
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5.1 Introduction

The development of renewable energy sources is critical because of the energy crisis
caused by the depletion of petroleum reserves and the environmental concerns
associated with CO2 emissions. The production of biodiesel is nowadays one of the
most important sources of bioenergy, and it has been growing dramatically as a sulfur-
free, non-toxic and biodegradable additive for fuels?®. Glycerol carbonate is an
important chemical compound that can be produced from glycerol. In this work,
pervaporation is proposed as the technology to separate the transesterification mixture
from reaction 3 involved in the production of glycerol carbonate from glycerol and DMC.
The performance of four commercial membranes is evaluated from the results of
transmembrane flux, separation factor, permeance, selectivity, and a comparison with

distillation via the McCabe-Thiele diagram.
In this chapter, the following scientific questions will be studied:

- Are commercial membranes able to achieve the separation of the studied

transesterification mixtures?

- Does the intermolecular interaction have impact on the permeation behaviour?
5.2 Results and discussion

5.2.1 Pervaporation performance

The total transmembrane flux is shown in Figure 5-1 as a function of the temperature
for the studied membranes. The partial flux of each component can be found in Figure
5-2. The overall transmembrane flux follows the trend: 1255-30>4155-40>1255-
50>4155-80 for all tested temperatures. This could be an indication that the high
degree of PVA polymer chain crosslinking, such as in 4155-80, leads to a decrease of
the transmembrane flux. Hence, the degree of cross-linking is a more important factor

than the temperature regarding to the molecule motion within the polymer.
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Glycerol and glycerol carbonate are not permeable to all these membranes (they are
not detected in the permeate), meaning that only methanol and dimethyl carbonate
can diffuse through membranes. In general, the partial flux of methanol is higher than
that of dimethyl carbonate for all membranes. This can be interpreted by studying the
driving force. In Eq. (1-13), the term representing the driving force is (x; X y; X PP —
yi X B,). In the pervaporation process, the vacuum pressure is about 12-15 mbar, and,

therefore, the term y; P, can be neglected. The vapor pressure P? plays an important

role on the driving force as well as the activity coefficient y;. The vapor pressures P}
(atm) are calculated by Aspen Plus?®®. With an increase in temperature, the vapor
pressure of methanol and dimethyl carbonate increased dramatically (Table 5-1). As
a result, it can be concluded that a high transmembrane flux was obtained due to a
larger driving force, which is caused by a higher vapor pressure. The calculated driving
force from Eq. (1-13) for different membranes and several experimental temperatures

is given in Table 5-2.

Table 5-1. The vapor pressure (atm) of each component at 30 °C, 45 °C and

60 °C.
Temperature Dimethyl Glycerol
(°C) Methanol Glycerol carbonate carbonate
30 0.2176 4.0467X107 0.0945 2.5165X10”7
45 0.4449 2.1291X106 0.1883 9.8592X10-6
60 0.7854 7.9620X106 0.3253 3.2775X106
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Table 5-2. The driving force (atm) of methanol and dimethyl carbonate of each
membrane at 30 °C, 45 °C and 60 °C.

Membranes Temperature Methanol Dimethyl carbonate
30 0.0867 0.0260
1255-30 40 0.1866 0.0593
50 0.4038 0.1047
30 0.0996 0.0276
4155-40 40 0.1978 0.0641
50 0.2869 0.1243
30 0.0853 0.0404
1255-50 40 0.1596 0.0736
50 0.2943 0.1293
30 0.0801 0.0376
4155-80 40 0.1702 0.0755
50 0.2985 0.1307

Table 5-3. Activity coefficient of each component at 30 °C, 45 °C and 60 °C.

Temperature Dimethyl Glycerol
(°C) Methanol Glycerol carbonate carbonate
30 1.232 1.925 1.616 1.108
45 1.223 1.885 1.575 1.100
60 1.216 1.853 1.528 1.091

In addition, glycerol and glycerol carbonate were totally not permeable due to their
extremely low vapor pressure (glycerol at 60 °C: 7.96X106 atm and glycerol carbonate
at 60 °C 3.85X10°% atm). The activity coefficients at different temperatures were
calculated by UNIFAC method; the group and group parameter in UNIFAC of studied
components in this work can be found in the literature?6%-26', The activity coefficient of
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each compound is between 1.853 and 1.091 at 60 °C (Table 5-3), comparing the large
variation of vapor pressure of each component at different temperature, the impact of
variation of activity coefficient can be considered as very small. Therefore, the vapor

pressure plays an important role on the permeation behavior.

Furthermore, the flux is clearly temperature dependent (i.e., it increases when the
temperature increases) except for the 4155-80 membrane. An increase of the
temperature may promote the thermal motion of permeant molecules, consequently,
improving the diffusion. In addition, the increase of temperature leads to an increase
of the motions of polymer chains and expansion of the free volume®. Therefore, the
permeant molecules can diffuse through the cross-linked membrane easier. The
temperature effect on the transmembrane flux was investigated by Eq. (1-21) and (1-
22), which is presented in Figure 5-3. In Figure 5-3, it can be seen that the
experimental data shows good linear relationship between Inj, and 1/T. It is clearly
shown that the flux of 1255-30, 4155-40 and 1255-50 membranes is temperature
dependent, and they have a negative permeation activation energy E,, which
indicates that the flux increases with the temperature. However, for the 4155-80
membrane, the flux shows that it is independent of temperature. This may be
explained by the high cross-linking degree of this type of PVA membrane matrix,
which leads to a limitation in the thermal motion of the polymer chains caused by the

temperature change?®2.
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Figure 5-3. Dependence of InJp vs. 1/T of four commercial membranes

The separation factor methanol/dimethyl carbonate is shown in Figure 5-4. The results

show a high separation factor for all membranes, indicating a permeate rich in

methanol. The lowest separation factor is higher than 4 (1255-30 membrane at 30 °C)
while the highest one is around 14 (1255-50 membrane at 45 °C).

16 T T T T T T T T T
m  1255-30 1
—~ 14 4 ® 4155-40|4
9 A A 1255.50] |
& v 4155-80
S 124 .
S 1 A
P v
2 104 4
= v
S s . -
3]
©
L
S 6 A . v |
T o ° u
S 4 " -
o)
n J
2 T T T T T T T T T T T 1
25 30 35 40 45 50 55 60 65 70

T (°C)

Figure 5-4. Separation factor of methanol/DMC of different types of membranes

at different temperature
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5.3.2 Membrane performance

The membrane performance was evaluated in terms of permeance and selectivity in
order to remove the effect of the driving force of each component®?. The results of
permeance are shown in Figure 5-5. At the same temperature, the permeance of
membranes follows 1255-30>4155-40>1255-50>4155-80. According to the
information obtained from the supplier, the degree of crosslinking of the PVA
membranes follows: 4155-80>1255-50>4155-40>1255-30; the diffusivity depends on
the degree of crosslinking: a highly crosslinked polymeric membrane gives a lower
diffusivity?®®. As a result, the molecules can diffuse through the membrane 1255-30
easier than the membrane 4155-80.
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Figure 5-5. The permeance of different types of membranes at different
temperature (a) 1255-30 membrane, (b) 4155-40 membrane, (c) 1255-50 membrane
and (d) 4155-80 membrane

It is observed that the permeance of methanol in each membrane is always higher than

the one of dimethyl carbonate, showing that the membrane has more affinity with
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methanol. The functional layer of the membranes is made of polyvinyl alcohol, which
contains hydroxyl functional groups. Methanol has a better affinity to PVA polymer due
to its higher polarity compared to dimethyl carbonate. Hence, a high hydrogen bonding
interaction with hydroxyl group can enhance the methanol permeation. On the other
hand, the smaller molecular size of methanol can lead to a high permeation?®*. As a
result, the permeation of methanol is higher than the one of dimethyl carbonate.
Additionally, in order to predict the membrane affinity with the components in the feed
solution, a preliminary study of Hansen solubility parameters was performed. (see
Table 5-5). The study of the Hansen solubility parameter shows that both can be
sorbed by PVA, thus, coupling effects may occur due to the sorption of components in
the PVA membrane. However, methanol molecules can be sorbed by the PVA
separation layer easier than dimethyl carbonate. As a consequence, more methanol
molecules can diffuse through the membrane. The experimental results are in

agreement with the preliminary study of the Hansen solubility parameters.

The permeance for methanol in the binary mixture methanol/DMC is lower than that
obtained in the study shown in Chapter 4 due to stronger intermolecular forces
between methanol/DMC mixture. The intermolecular force is presented by cohesive
energy?%®. The strength of the intermolecular forces holding molecules together in the

liquid can be estimated by the Hildebrand solubility parameter?66:

b= (S2) = eoon? 5-1)

where: §;: Hildebrand solubility parameter; E.,;,: cohesive energy; V},,: molar volume;

and e., : cohesive energy density.
The cohesive energy is calculated by the following equation?67:

Econ = AHyqp — RT (5-2)
where AH,,,, is enthalpy of vaporization, R is gas constant and T is temperature.

The intermolecular forces acting between components 1 and 2, F12, are assumed as

follows122:
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Fi; = (econ1t - e'cohzz)l/2 = 8p10n2 (5-3)

where ecoh11 and ecoh12 are cohesive energy densities of pure components 1 and 2,

respectively.

The calculated intermolecular forces between alcohols and esters, DMC is shown in
Table 5-4.

Table 5-4. The intermolecular forces (MPa) between alcohols and esters,
alcohols and DMC

Methyl acetate Ethyl acetate Butyl acetate Dimethyl

carbonate
Methanol 576.0 514.7 466.4 609.2
Ethanol 496.5 443.6 402.0 525.1
Butanol 464.6 415.2 376.2 491.4

Table 5-4 shows that methanol/DMC has a stronger intermolecular force than any other
pairs. Therefore, it requires more energy to break the interaction between methanol
and DMC. As a result, the permeances for methanol are lower than before.

Table 5-5. Calculated Hansen solubility parameters of each component/mixture

and Ra
Material 6p op On AJ (s.p)
PVA 17.2 13.6 15.4

Glycerol 17.4 121 29.3 13.99
Glycerol carbonate 17.9 25.5 17.4 12.15

Methanol 15.1 12.3 223 8.18
Dimethyl carbonate 15.5 3.9 9.7 11.75

Mixture 16.2 124 16.8 2.79

The selectivity (DMC/Methanol) is shown in Figure 5-6. The lowest selectivity is around
2 (1255-30 membrane at 30 °C); a value of selectivity higher than 1 indicates that the
membrane is selective for methanol. It is concluded that 1255-50 membrane operated
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at 45 °C is the optimal choice for the separation, both separation factor and selectivity

implying a preferential permeation of methanol.
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Figure 5-6. Selectivity of methanol/DMC of different types of membranes at
different temperatures

Comparing Figure 5-1 and Figure 5-5, the trend of permeance does not follow the trend
of transmembrane flux when the temperature increases. From Figure 5-1 and Figure
5-5, it is can be seen that the transmembrane flux is increasing with temperature,
however, the permeance decreases. The effect of temperature on permeance can be
interpreted via the activation energy. The activation energy of permeation is calculated
by the logarithmic permeance versus the inverse of the temperature. The calculated
activation energy for the experiments is shown in Table 5-6. All activation energies of
methanol and DMC permeation are negative (Table 5-6). The increase of temperature
promotes the motion of polymer chains resulting in the expansion of the polymer free
volume. Thus, it enhances the diffusion of permeant molecules through the
membrane®'. On the other hand, the heat of solution is the heat generated or absorbed
during the sorption process, which depends on the sorption mechanisms. From Eq. (1-
23), it can be concluded that the activation energy of permeation is determined by the
dominant process (sorption or diffusion) which dominates. In this case, it indicates that

sorption is more dominant than diffusion in the process. As a consequence, increasing
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the temperature is not favorable for the component to be adsorbed by the membranes,

leading to a decrease of permeance.

Table 5-6. Activation energy of methanol and DMC for the different commercial
membranes

Activation energy (kJ/mol)

Membrane DMC Methanol
1255-30 -276+1.4 -26,8 £2.2
4155-40 -30.1+£1.5 -19,6 £ 1.6
1255-50 -28.8+1.5 -13,5+1.7
4155-80 -27.8+1.5 -440+1.4

The activation energy also affects the effect of temperature on the membrane
permeation of a component. As mentioned in Section 2.3.3, and according to the
solution-diffusion model, the activation energy is the sum of activation energy of
diffusion and heat of solution (heat generated or absorbed during sorption process). A
high activation energy means a greater energy barrier for the permeation through the
membrane. If the activation energy is positive, it implies that the diffusion process is
dominated. Hence, the increase of temperature is beneficial to the permeance. On the
contrary, if the activation energy is negative, it indicates that the sorption process is
dominated. As a result, the increase of temperature may have negative impact on the
permeance if the sorption process is exothermic. From Table 5-6, it can be observed
that all activation energy of DMC and methanol are negative, meaning that an increase

of temperature is not in favor of the permeance of DMC and methanol.

The activation energies of DMC do not have significant differences for these four
membranes. However, the activation energies of methanol decreases following the last
number in the notation (related to the degree of crosslinking): 1255-50>4155-40>1255-
30. The diffusion coefficient decreases with the increase of degree of crosslinking of
the polymer?%8, On the other hand, since the relation of the diffusion coefficient and
activation energy of diffusion follows Eqg. (1-20), the activation energy of diffusion
increases with the decrease of diffusion coefficient?®®. Hence, if the activation energy

of sorption is the same for all membranes, the overall activation energy of methanol
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decreases because the increase of activation energy of diffusion according to last
notation number, which reflects the degree of crosslinking of different membranes. The
membrane 4155-80 does not follow this trend since the activation energy of diffusion
is much lower than for the other membranes. This membrane has a much thinner active
layer (around 4.5 pym) than other types of membrane (12.3-15.5 ym). In pervaporation,
the PVA membrane is partially wetted by the solution due to the swelling effect. The
transport of low molecular weight permeants is not influenced by the degree of
crosslinking, but it is highly affected by the equilibrium swelling ratio (the ratio of the
weight of the swollen polymer to that of the dry polymer)?7% 271 1t is concluded that the

activation energy of small molecules is more sensitive to the degree of crosslinking.

Based on Figure 5-2 and Figure 5-5, it is observed that methanol shows higher values
than dimethyl carbonate both in transmembrane flux and permeance. This high flux is
caused by the higher vapor pressure of methanol, which leads to a higher driving force
during the pervaporation transport, enhancing the transmembrane flux. Furthermore,
methanol has also a higher permeance, showing that the membrane material has a
greater affinity for methanol. This gives an ideal situation in which the membrane
enhances the effect of the — already favored — driving force for methanol, resulting in

a larger methanol flux®.
5.3.3 McCabe-Thiele separation diagram

In order to compare the use of pervaporation with distillation, the McCabe-Thiele
separation diagram is presented in the following section for the mixture studied. In this
diagram, the concentration in the vapor phase (i.e., permeate in pervaporation) is
plotted versus the concentration in the liquid phase (i.e., retentate in pervaporation).
The comparison with distillation (dark: DMC and blue: methanol points in the figure) is
then straightforward. A flash distillation unit operated at 85 °C and a pressure of 1 atm
is considered. Two main aspects should be considered: i) the points close to the
diagonal imply similar concentration in the liquid and vapor phase, thus, no separation;
and ii) if pervaporation points are not coincident to distillation points, it is due to the
effect of the membrane (if the points are coincident, the separation is due to the vapor-
liquid equilibrium)®. Figure 5-7 shows the vapor phase molar fraction of the flash
equilibrium against the values for pervaporation. The comparison of pervaporation and

distillation gives additional information of the merit or weakness of the membrane
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separation. It is shown that the membrane separation has special advantage for
separating methanol, the concentration of dimethyl carbonate (red) in the permeate
after pervaporation is lower than that in the flash equilibrium (black). The presence of
dimethyl carbonate in the permeate is decreased when comparing with flash

equilibrium.

It is concluded that the membranes are selective to methanol and it is more
concentrated in the permeate. The points are far from the diagonal, therefore, an
effective separation can be achieved. In addition, the pervaporation points (red: DMC
and pink: methanol) are not coincident to the distillation points (black: DMC and blue:
methanol) and the pervaporation points are further away from the diagonal compared
the distillation ones. This last point unambiguously proves the effect of the membrane

as well as the higher efficiency of pervaporation if compared to a simple distillation.

As discussed above, pervaporation appears advantageous in comparison with flash
distillation. Moreover, it is also interesting that the membranes can not permeate
glycerol and glycerol carbonate completely, as only methanol and dimethyl carbonate
are present in the permeate. On the other hand, different publications6.57.65.272
describe procedures that can achieve 97.7% - 99.93% conversion leading to a mixture
containing glycerol carbonate, DMC (in excess), methanol and a only residual glycerol.
By removing DMC/methanol by pervaporation instead of distillation, a glycerol
carbonate of high purity — but containing the traces of glycerol — could then be obtained
in a batch process. In addition, the permeate is a binary mixture of methanol and DMC
with high concentration of methanol (mole fraction of methanol>0.84) obtained from
only one pervaporation stage. Other separation processes?’3274 or other pervaporation

membranes would lead to a complete separation?7°.
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Figure 5-7. McCabe-Thiele separation diagram that shows the pervaporation
selectivity for each compound using the membranes: a) 1255-30, b) 4155-40, c)
1255-50 and d) 4155-80. The axis x and y are given in molar fraction. The three

points shows the effect of temperature at 30 °C, 45 °C and 60 °C. The black and blue
symbols correspond to the separation obtained by simulation of flash equilibrium at
85 °C (glycerol and glycerol carbonate are not observed in the vapor phase due to
their high boiling point).

5.4 Conclusions

The application of pervaporation technology to separate a quaternary
transesterification mixture consisting of glycerol, dimethyl carbonate, methanol and
glycerol carbonate has been investigated using four commercial membranes. Glycerol
and glycerol carbonate were not detected in the permeate in the studied membranes
due to their low vapor pressure. The experimental results of permeance show that the
use of these membranes enhances the permeation of methanol, which is the

compound that has the highest transmembrane flux and has the largest driving force.

112



Chapter 5

Such a situation appears to be ideal as the membrane can operate under optimal
conditions. In addition, the temperature shows great impact on the performance of
membrane. When increasing the temperature, the flux increases, but the permeance
decreases. Thus, working at low temperature is an advantage in terms of membrane

performance.

Regarding the application of these commercial membranes for the separation of
studied transesterification mixtures, the McCabe-Thiele separation diagram analysis
shows that pervaporation can separate methanol more effectively than flash distillation.
As a consequence, pervaporation appears to be an alternative to improve the reaction
yield by removing methanol from the reaction mixture and/or to break the azeotrope

(methanol and DMC) as well as to remove glycerol and glycerol carbonate.

Comparing the permeances for methanol of three transesterification mixtures, it shows
that the permeances of third reaction are lower than the other two. By investigating the
intermolecular forces between alcohols and esters, alcohols and DMC, it shows that
methanol/DMC has the strongest intermolecular force than other pairs. It is concluded

that the intermolecular interactions have impact on the permeation behaviour.
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6.1 Introduction

In chapter 5, it was shown that commercial membranes can not permeate glycerol and
glycerol carbonate completely due to their low vapor pressure. Therefore, the
separation of the permeate mixture, dimethyl carbonate and methanol, becomes an
important step. In addition, the separation of DMC/methanol is an interesting topic in
the chemical industry. Dimethyl carbonate (DMC) is considered a green chemical due
to its biodegradability and low toxicity, and is widely applied in the chemical industry.
As a low toxic intermediate, it can be used as a substitute in the pharmaceutical
industry to replace more toxic solvents such as dimethyl sulfate, or in the production of
important  thermoplastics polycarbonate materials to replace phosgene?’®.
Furthermore, it finds applications as a solvent in painting and coating industries and it
is used as electrolyte for Li-ion cells?’7-278, In the literature, different synthetic routes of
DMC are reported. One of them follows a phosgene-based route to produce DMC.
However, phosgene is a toxic raw material and the complementary use of NaOH during
the reaction requires a high capital equipment investment for preventing corrosion?’.
DMC can be also produced by the transesterification reaction of cyclic carbonate and
methanol, such as ethylene carbonate?8%-283_ Alternatively, it can be synthesized from
oxidative carbonation of methanol by using copper chloride as a catalyst?®*. DMC
synthesis from the alcoholysis of urea is an attractive chemical route since urea is
widely available at low cost as a waste?852%, This reaction proceeds by two different
steps: 1) urea reacts with methanol to produce methyl carbamate; 2)
methylcarbamate reacts with methanol to produce the final product DMC. Furthermore,
DMC can be obtained from direct reaction of methanol and carbon dioxide (methanol
carboxylation route) with the possibility of using various catalysts?47-28°_ As evidenced
by literature data, it is clear that methanol participates or it is present in different
synthetic routes. Therefore, the separation of DMC and methanol is of great
importance in the chemical industry. However, they form an azeotrope (at 30/70 wt%
DMC/methanol concentration), which makes the separation process very challenging
with traditional distillation. In the literature, several alternative approaches have been
proposed such as extractive distillation?®, membrane processes?’>2%1 or the use of

ionic liquids as entrainers?®2.
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Different polymeric materials have been investigated in pervaporation for the
separation of DMC/methanol mixture, but their application at industrial level is still
limited. Modified poly ether ether ketone (poly(oxa-p-phenilene-3,3-phthalido-p-
phenylene-oxy-phenylene) (PEEK-WC: WC refers to cardo group) is a polymer
containing a spirolactone group with good thermal stability, mechanical properties and
high resistance to chemicals due to its high glass transition temperature (225 °C)?93-244,
Thanks to its properties, PEEK-WC membranes find wide applications in different fields
such as in biomedical engineering due to their low affinity to proteins?®* and in fuel cell
applications due to their high proton conductivity and its low cost comparing with Nafion
membranes?®*. In pervaporation, the performance of PEEK-WC membranes has been
investigated for the separation of methanol and MTBE?*4. A high separation factor
(above 250) was obtained at low concentration of methanol (1 wt%). In the application
of dehydration of acetic acid, PEEK-WC membranes can achieve good separation with
a value of 103 as separation factor at 50 °C with a concentration of 90 wt% of acetic
acid?®. In this work, a detailed study on sorption and pervaporation for DMC/methanol
mixtures with PEEK-WC membranes is presented at different concentrations and
temperatures. The coupling phenomenon during the permeation was investigated as
well. The performance of the membrane was evaluated in terms of flux, separation

factor, permeance and selectivity.
In this chapter, the following scientific questions will be studied:

- Applying theories based on solubility parameters to predict potential coupling effects

in the separation.

- Do PEEK-based membranes have appropriate properties and high performance for

the separation of the studied mixtures?
6.2 Results and discussion

6.2.1 Membrane characterization: contact angle, mechanical test and SEM

analysis

PEEK-WC membranes exhibited a water contact angle of 84.96+2.28. This indicates
that the PEEK-WC membrane was slightly hydrophilic. Therefore, a polar component

can permeate through the membrane easier than a non-polar component.
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Mechanical test results showed that the average Young’s modulus of the PEEK-WC
membrane was 1147.71 £ 34.9 N/mm? with an elongation at break of 10.6% + 4.6%.
The average maximum stress was 47.76 + 8.28 N/mm?. Comparing these results with
the Young’s modulus and the maximum stress of polyvinyl alcohol (PVA) (170-360
N/mm?and 6.4 + 0.5 N/mm?, respectively) and chitosan membranes (4.5-5.89 5 N/mm?

and 2.43-7 N/mm?, respectively), PEEK-WC membrane shows good mechanical
feature8296’297’298’299.

SEM analysis confirmed the dense nature of prepared membranes. As observed in
Figure 6-1 (a), (b) and (c), the prepared membrane is homogeneous and a dense
membrane was obtained. For pervaporation separation, the transport mechanism is
based on a solution-diffusion mechanism, therefore, a dense membrane is often

required.

(@) (b)

(c)

Figure 6-1. SEM image of PEEK-WC membrane. Top surface of the membrane
(a) with magnification 40.00 KX; cross section (b) with magnification 15.00 KX; and
bottom surface (c) with magnification 40.00 KX
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6.2.2 Sorption degree measurement

The sorption degree of different concentrations of methanol/DMC solutions is shown
in Figure 6-2. A decrease in sorption degree was observed when the concentration of
methanol was increased in the binary mixture. The values of sorption degree of PEEK-
WC in pure methanol are in agreement with the data in the literature?**, showing values
of 5%-7%. One interesting observation is that the PEEK-WC membrane is more
favorable to absorb DMC than methanol. For pure DMC, the sorption degree can reach
17% and for high concentrations of DMC (0.9 molar fraction of DMC), the sorption
degree is above 15%. However, the uptake of solvents into the membrane can lead to
swelling effect. The swelling effect may have a negative influence on the membrane
separation performance. An excessive membrane swelling leads to polymer
plasticization and the polymer chain spacing increases resulting in a severe reduction
of the selectivity'®.
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Figure 6-2. Sorption degree in different methanol/DMC mixtures.
6.2.3 Coupling effects
The data of Hansen solubility parameters of PEEK-WC, methanol, DMC and their

mixtures are shown in Table 6-1. There are several approaches to estimate solubility

parameters of PEEK-WC giving different results. The number in the first column
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indicates the molar fraction, for example, 0.1 MeOH + 0.9 DMC means a 0.1 molar

fraction of methanol and a 0.9 molar fraction of DMC in the mixture.

In the work of Zereshki et al., it is stated that the solubility parameters derived from the
Hoy method can be more realistic than other methods in the studying the separation
of methanol/MTBE mixtures by using PEEK-WC membranes?**. The Hoy solubility
parameters also contains three parameters, which is same as Hansen solubility
parameters. Hoy solubility parameters were estimated from molar attraction constants,
however, Hansen solubility parameters were estimated from cohesive energy density.
The three dimensional solubility vector distance (&:) between PEEK-WC polymer and
methanol/DMC was calculated and shown in Table 6-2. From Table 6-2, it can be seen
that the method applied by Hoy is not able to describe the phenomena observed in the
swelling degree of methanol/DMC mixtures since pure methanol and DMC have a
similar distance (8.3 methanol and 8.9 DMC, respectively) respect to the polymer
solubility center. This is in contradiction with the results obtained with the swelling
degree since the latter increases with the concentration of DMC in the mixture.
Therefore, the solubility parameters derived from the other methods can better explain
this behavior. The lower the distance polymer/solvent, the higher the compatibility

between them.
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Table 6-1. Solubility parameters of pure methanol, DMC and PEEK-WC at
different concentrations

Material Methods op op OH Ot
Methanol 15.1 12.3 22.3 29.6
Dimethyl carbonate 15.5 3.9 9.7 18.7
Yamamoto30° 19.2 8.3 3.9 21.3
Stefanis-Panayiotou?" 25.5 -8 5.6 27.3
PEEK-WC
Van Krevelen3®? 18.9 2.8 6.2 20.1
Hoy?303 16.5 11 14.6 246
Mixture
0.1 MeOH + 0.9 DMC 15.5 43 10.3 19.1
0.3 MeOH + 0.7 DMC 15.4 5.3 11.9 20.2
0.5 MeOH + 0.5 DMC 15.4 6.6 13.8 21.7
0.7 MeOH + 0.3 DMC 15.3 8.3 16.4 239

0.9 MeOH + 0.1 DMC 15.2 10.7 19.9 27.3
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Table 6-2. The solubility vector distance (dt) of different estimation methods of
Hansen solubility parameters of PEEK-WC

Material Yamamoto  Stefanis-Panayiotou Van Krevelen Hoy
Methanol 20.5 33.5 20.2 8.3
Dimethyl carbonate 10.4 23.6 7.7 8.9
Mixture
0.1 MeOH + 0.9 DMC 10.6 24.0 8.1 8.2
0.3 MeOH + 0.7 DMC 11.4 24.9 9.3 6.6
0.5 MeOH + 0.5 DMC 12.6 26.3 11.1 5.0
0.7 MeOH + 0.3 DMC 14.7 28.3 13.6 4.0
0.9 MeOH + 0.1 DMC 18.1 31.3 17.5 6.0

6.2.4 Pervaporation performance

Figure 6-3 shows the impact of concentrations and temperatures on the permeation
flux and separation factor. The results show that the temperature, as expected, plays
a crucial role on the permeation flux. With the increase of the temperature, the flux
increases. In the pervaporation process, the vacuum pressure at the permeate side
was below 5 mbar, therefore, the driving force term (x; x y; x PY —y; x B,) in Eq. (1-
13), yi X B, is near 0. As a result, the driving force depends on the activity coefficient,
on the initial concentration of feed and on the vapor pressure of the components. The
activity coefficient and the vapor pressure are both temperature dependent. In both
factors, the variation of vapor pressures of methanol and DMC are more sensitive to
the temperature change than their activity coefficients. With the increase of the
temperature, the vapor pressure of methanol and DMC are increasing dramatically,
leading to the increase of the driving force. As a result, the flux increases by
increasing the temperature®?. In addition, the temperature also shows an impact on
the separation factor particularly at high concentration of DMC (0.9). The separation
factor decreases with the increase of the temperature. A high temperature can lead to

the expansion and relaxation of polymer chains and the formation of more free volume
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promoting the indiscriminate transportation of molecules through the membrane304-305,

As a result, the separation factor decreases.
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Figure 6-3. The effect of concentration and temperature on transmembrane flux
and separation factor

Regarding the concentration effect, both transmembrane flux and separation factor

are concentration dependent. In general, the lower concentration of methanol in the

binary mixture, the higher transmembrane flux and separation factor. This could be

interpreted by the variation of activity of methanol and DMC. Figure 6-4 shows the

variation of activity of methanol and DMC in the mixture. The activity of methanol in

the mixture increases with increasing the concentration of methanol. The methanol

separation factor is higher at low concentrations and it decreases when the methanol

concentration increases. In the literature, similar observations were reported?#4.
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Figure 6-4. Variation of activity of methanol and DMC in their binary mixture
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In the analysis of Hansen solubility, it is shown that the solubility vector distance (dt
in Table 6-2) increases with increasing methanol concentration (except the method
used by Hoy3%6). The concentration effect on the flux follows this trend. The larger the
distance between the polymer and solvent, the lower the affinity between them.

Therefore, the membrane flux decreases with the increase of methanol concentration.

The Hansen solubility parameters give a good prediction of this phenomenon.

6.2.5 Membrane performance

The permeance and selectivity are used to describe the performance of membrane in
order to eliminate the impact of the operating conditions. Figure 6-5 and Figure 6-6

show the permeance of methanol and DMC and selectivity at different temperatures

and different concentrations.
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Figure 6-6. Selectivity of PEEK-WC membrane in the separation of
DMC/methanol at different concentrations and temperatures

An interesting phenomenon was observed when the permeance behavior of methanol
and DMC was compared with respect to the concentrations. In Figure 6-5 (a) and (b),
the permeance of DMC increased with the increasing of methanol concentration.
However, the permeance of methanol showed an opposite trend: a higher
concentration of DMC in the binary mixture led to a higher permeance of methanol.
From the experiments of swelling degree, it was found that the membrane was more
prone to sorb DMC than methanol. But a preferential sorption does not give a
preferential permeation at high concentration of DMC. The polarity index of methanol
and DMC is 0.762 and 0.232, respectively?’®. Due to the higher polarity of methanol,
the hydrophilic membranes could be more favorable to permeate methanol (instead of
DMC) from the binary mixture as a consequence of the significant difference of polarity
between these two components. In addition, methanol can easily diffuse through the

membrane due to its smaller molecular size when compared with DMC3%.
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Figure 6-7. Molecular structure of (a) PEEK-WC, (b) DMC and (c) methanol

The increase of partial flux of methanol also improves the partial flux of DMC for the
concentration of methanol larger than 0.5 molar fraction (See Figure A6.1), this
indicates the existence of dragging effects. This can be explained intermolecular
interaction. The intermolecular attraction is affected by the functional groups which
contribute to dipole-dipole attractions and hydrogen bonds. From the molecular
structure of polymer PEEK-WC, DMC and methanol (Figure 6-7), it can be seen that
the polymer bears a ketone group which is an organic compound in which a carbonyl
group (C=0) is bonded to two carbon atoms of the carbon backbone. A carbonyl group
is polar and can generate dipole-dipole attraction with carbonyl group (C=0) and
hydrogen bonding (-OH group)3°83%°_ In studying the interactions between PEEK-WC
and the two solvents, it is necessary to consider that the carbonyl group of PEEK-WC
polymer generates not only dipole-dipole attractions with DMC (as DMC has a carbonyl
group as well) but also generates hydrogen bonding with methanol (-OH group).
Moreover, the fact that both DMC and methanol have a methyl group (-CH3) can lead
to a weak interaction with the carbonyl groups of PEEK-WC. In the interaction between
molecules, DMC and methanol contain a carbonyl and a hydroxyl group, respectively.
Consequently, both molecules undergo to intermolecular interactions due to hydrogen
bonding. In addition, the methyl group of methanol and carbonyl group of DMC can

also generate a weak intermolecular attraction.

In Figure 6-5, the permeance of DMC decreases with the decrease of the molar fraction
of methanol. At low concentration of methanol, the amount of hydroxyl groups from
methanol is much lower than the carbonyl group from PEEK-WC polymer and DMC.
The major competition is between carbonyl groups from PEEK-WC polymer and DMC
to attract methanol (hydroxyl and methyl group). The intermolecular interaction of
hydrogen bonding is stronger than dipole-dipole attraction. Therefore, methanol is
more prone to interact with a PEEK-WC membrane due to hydrogen bonding formation
in comparison to DMC because the interaction between the PEEK-WC membrane and
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DMC is dipole-dipole attraction. As a result, methanol molecules have more
opportunity to occupy the carbonyl site of PEEK-WC than DMC and, therefore, to

diffuse through the membrane.

With the increase of methanol concentration, the carbonyl group of DMC can be
surrounded by the methyl group of methanol due to the intermolecular attraction
between the carbonyl oxygen and hydrogen atoms, the carbonyl groups are more
favorable to be surrounded by the methyl groups of methanol?'°. The intermolecular
force between methanol and DMC has been estimated in Chapter 5 Table 5-4. It shows
that these two molecules have strong intermolecular force. The dragging effect
resulting from the intermolecular interaction can present in the permeation.
Consequently, a strong drag effect becomes more dominant when more methanol
present in the mixture. Therefore, the permeance of DMC increases with the increasing

of methanol concentration in the mixture.

The result of selectivity shows that both concentration and temperature have a great
influence on the membrane performance. When the concentration of methanol was
larger than 50 mol%, the selectivity was below 1 (90% methanol: selectivity 0.25-0.35;
70% methanol: selectivity 0.65-0.88). This indicates that the membrane permeates
DMC due to a strong dragging effect caused by the high concentration of methanol.
When the concentration of methanol was 50 mol%, the selectivity was near 1. On the
contrary, when the concentration of methanol was below 50 mol%, the selectivity could
attain 3.5, showing that the membrane prefers to permeate methanol instead of DMC

due to the higher polarity of the alcohol compared to the ester.

In Table 6-3, a literature comparison of PV performances of methanol/DMC separation
of different membranes is given. The most interesting performance of the membranes
here investigated with respect to literature data, is that the PEEK-WC membrane can
have a good separation performance at low concentration of methanol equal to 0.1
molar fraction (3.8 wt% methanol) and at low temperature (30°C) with a separation
factor of 13.4. This separation performance is better than for other membranes tested
under the same conditions. This makes the process feasible when a large excess of
DMC, in methanol/DMC mixtures, is encountered. For example, in the
transesterification reaction of glycerol and DMC, an excess of DMC is introduced to

produce glycerol carbonate and methanol as a byproduct. In the final product mixture,
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a high concentration of DMC is present in the mixture with a low concentration of

methanol®3.

Table 6-3.Comparison of pervaporation performances of methanol/DMC
separation membranes in literatures

Membrane material Feed Temperature Flux Separation Permeance Selectivity Ref.
Methanol (°C) (g/m2.h) Factor
concentration
(Wt(yo)
Chitosan/silica 30-70 30-50 850- 29-49 - - sn
1265
Poly(vinyl alcohol) 40-70 50-40 154-510 2.8-37 - - 312
Nano-Silica/ 70 40 702 3.97 - - 313

polydimethylsiloxane

PDMS/PVDF 72 40 487.2 3.95 ~1X10% — - 314
8.4X10*
DMC
~2X108-
1.7X104
MeOH
Silicotungstic acid 10-70 30-60 1163- 52-67.3 - - 315
hydrate/Chitosan 1500
Chitosan hollow fiber 10-90 20-50 150-500 4-24 ~50-100 14-17 316
membrane DMC
~720-1200
MeOH
Poly(acrylic 10-90 40-80 3000 1.8-13 ~20-200 ~0.2-5.8 275
acid)/poly(vinyl DMC
alcohol) ~80-180
MeOH
Crosslinked chitosan 6-70 25-55 30-500 10-90 - - 291
PDMS and PTMSP 9.1-80.3 40 7.2-828 1.8-4.2 ~700-1800 - 817
DMC
~70-177
MeOH
PEEK-WC 3.8-96.2 30-50 78-227 0.25-13.4 ~48-180 ~0.2-3.5 This
DMC work
~20-293
MeOH
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6.3 Conclusions

PEEK-WC membranes were prepared and studied for the pervaporation separation of
the binary mixture methanol/DMC at different conditions. In the membrane swelling
experiment, the results showed that the membrane can be swollen by both organics,
but more in case of DMC than methanol. The swelling degree increases with the
increase of DMC concentration in the DMC/methanol mixtures. The transmembrane
flux increases with the temperature, but decreases with the methanol concentration
mainly due the hydrophilicity of the membrane which can promote the diffusion of the
more polar compound (methanol) of the binary mixture. The molecular structure has a
strong impact on the membrane performance. A higher concentration of methanol can
lead to a strong drag effect and to a subsequent decrease of the selectivity.

The transmembrane flux is not extraordinary high in comparison with the data reported
in literature, but the separation factor (13.5) has a better performance than other
membranes at low concentration of methanol (0.1 molar fraction) and at low
temperature (30 °C). Moreover, the membrane showed excellent mechanical
properties during the overall experimental period. Therefore, PEEK-WC membranes
can be of interest to be applied in pervaporation at industrial level for breaking the

azeotrope of methanol and DMC.

The solubility parameters can be applied to predict potential coupling effects, however,
the methods of estimation of solubility parameters can give different results. Hence, it
is important to compare the solubility parameters obtained from different methods in

order to have a more accurate prediction.
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Chapter 7. Pervaporation separation of
methanol/dimethyl carbonate mixture by

using supported ionic liquid membranes

Based on:

Wenqi Li, Cristhian Molina Fernandez, Julien Estager, Jean-Christophe M. Monbaliu,
Damien P. Debecker, Patricia Luis, Application of supported ionic liquid membranes in
the separation of methanol/dimethyl carbonate mixtures by pervaporation (Under

preparation)
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7.1 Introduction

Supported liquid membranes (SLM) have been introduced in pervaporation as
potential membranes to increase selectivity and transmembrane flux due to the tuned
affinity of the liquid to the target compound and the higher diffusivity through the liquid
phase immobilized inside the membrane pores. In a SLM, a solvent is impregnated
into a porous membrane. The transport mechanism of SLM involves three stages: 1)
the molecules are sorbed from the feed solution onto the solvent in the supported liquid
membrane, 2) the sorbed molecules diffuse through the membrane to the permeate
side; then 3) the molecules are re-extracted to the permeate side?'®. The difference of
solubility and diffusion coefficients of different solutes in a liquid makes the separation
process feasible since diffusion coefficients in liquids are much higher than in
polymers3'® Hence, larger flux could be expected in SLMs. However, the stability issue
of SLMs is the major limitation for a large scale industrial commercial application3'°:320,
The low stability of supported liquid membranes has been observed in the literature,
with a loss of immobilized solvent after relative short application time, leading to a
dramatic increase of flux and decrease of selectivity>?!. Solvent evaporation,
dissolution into contiguous phases and pressure gradient are the major factors leading
to the loss of solvent3?2. In order to solve this instability, ionic liquids have been
proposed to produce the SLM, taking the name of supported ionic liquid membranes
(SILMs).

lonic liquids are organic salts containing an organic cation and an inorganic or organic
anion. lonic liquids can be designed by combining different substituents of cation and
anion to modified the chemical and physical properties, such as hydrophilicity, solubility,
in order to achieve a good selectivity to target component323. In addition, ionic liquids
have high chemical and thermal stabilities and have a large temperature range (up to
400 °C) with almost zero vapor pressure?'2. Therefore, ionic liquids are considered as
“green solvents” to replace volatile organic solvents in the chemical industry. lonic
liquids have wide applications in chemical reactions as catalysts or
additives324.325,13,14.328 - extraction329-337, electrolytes33-340, In fluid-fluid separation
processes, ionic liquids are good media for extraction. However, the high cost of
synthesis of ionic liquids and the high energy consumption for re-generating ionic
liquids are important factors for the limitation of application of ionic liquids in separation
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processes. These shortcomings can be solved by using SILMs, supporting ionic liquids

instead of organic solvents.

The SILM needs a small amount of ionic liquids to fill in the membrane pores, and the
re-generation of ionic liquid for recycling is not necessary. Due to their negligible vapor
pressure and high viscosity, ionic liquids in supported ionic liquid membranes can be
more stable than organic solvents. In the literature, SILMs have been extensively used
for gas separation, such as S0O2/COz2, CO2/H2/N2, H2S/CO2/CH4 and natural gas
purification?13:214.341-346 " The application in pervaporation is scarcer. Still, it has
received increasing attention in recent years, such as the separation of

transesterification reaction mixtures containing alcohols, organic acids, hydrocarbons
and amine8218,220—223,347—350_

The use of SILMs for the separation of transesterification mixtures has been studied
based on hydrophilic ionic liquids [BMIM][BF4], [OMIM][BF4], [BMIM][PFe] and
[OMIM][PFe]??221°. In addition, ionic liquids ([EMIM][CI] and [BMIM][CI]) have been
investigated as entrainers for breaking the azeotrope of methanol and DMC?%?. These
two ionic liquids show their capability to eliminate the azeotrope when their molar
fraction increases to a certain level, for example 0.1168 for [BMIM][CI]. However, the
application of supported ionic liquid membranes for the separation methanol/DMC
mixture has not been studied. In this work, two ionic liquids were synthesized and
impregnated in a porous support (PAN membrane) to prepare the corresponding SILM
in order to investigate the separation performance of DMC/methanol mixtures by

pervaporation.

The ionic liquids, 1-octyl-3-methylimidazole bis(triuoromethanesulfonyl)imide
[OMIM][NTf2] and 1-octyl-1-methylpyrrolidine  bis(triuoromethanesulfonyl)imide
[OMPyrr][NTf2], characterized as hydrophobic ionic liquids®', were studied and their
molecular structures were presented in Figure 7-1. The ionic liquid [OMIM][NTf2] was
chosen because it has been studied extensively in the literature, such as metal ion
extractions and CO:2 sorption®¥'-353, It has been studied for SILM separation for
organic-organic mixtures?'9-221.223 . [OMPyrr][NTf2] was studied in the application of
metal ion extraction as well®'. However, the application of this ionic liquid for SILM is
rare in literature. Therefore, both ionic liquids were chosen for the study of membrane

separation on DMC/methanol mixtures. Several concentrations of binary mixtures were
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studied and the performance of the membranes was evaluated in terms of flux,

separation factor, permeance and selectivity.
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Figure 7-1. The molecular structure cations, anion and solvents

In this chapter, the following scientific question will be studied:

- Investigate the performance of supported ionic liquid membranes and if they have
better performance comparing with available membranes in the literature for the

separation of methanol/DMC?
7.2 Results and discussion

7.2.1 SEM analysis

The cross section morphology of raw PAN membrane and both prepared supported
ionic liquid membranes was analyzed by SEM. The images are shown in Figure 3.
Before immobilization, the regular empty pores of the raw PAN porous membrane were
deserved (Figure 7-2 (a)). After immobilization, both membranes are filled with ionic
liquid [OMIM][NTfz] and [OMPyrr][NTfz] (Figure 7-2 (b1) and (c1)). When the
membranes were applied for the separation process, it could be observed that some
ionic liquids in the pores was washed away (Figure 7-2 (b2) and (c2)) in both supported
ionic liquid membranes. However, the membranes are still capable for the separation
process because only the ionic liquids at the top the pores was lost. During the
experiments, it is observed that a flesh prepared supported ionic liquid membrane

usually gives a high transmembrane flux. After repeating the experiments a couple of
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times, the flux decreased and finally became stable. The phenomena can be
interpreted by the loss of ionic liquids at the top of membrane pores. When a fresh
membrane was used, the interaction between the feed solution and ionic liquids was
located at the surface of the supported ionic liquid membrane. When the top of ionic
liquids was washed away by the feed solution, the interface of feed and ionic liquids

moves to inside membrane pores.
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Figure 7-2. The PAN membrane before immobilization (a); immaobilization of
[OMIM][NTf2] before (b1) and after (b2) experiments; immobilization of
[OMPyrr][NTf2] before (c1) and after (c2) experiments.
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7.2.2 Pervaporation separation performance

The separation performance of supported ionic liquid membranes prepared with the
ionic liquid [OMPyrr][NTf2] and [OMIM][NTfz] immobilized in PAN membranes was
determined by testing different concentrations of methanol/DMC mixtures. The
transmembrane flux, separation factor, permeance and selectivity of these two

supported ionic liquid membranes are shown in Figure 7-3.

The separation factor and selectivity are both larger than 1. This indicates that both
membranes are favorable to permeate DMC instead of methanol. The permeation
behavior is highly concentration dependent. At high concentration of methanol (0.8
molar fraction), the separation factor and selectivity is only between 1.8 and 3. With
the increasing of DMC concentration is the feed solution, the separation factor and
selectivity increase. Both supported ionic liquid membranes can achieve a separation
factor of 21 and a selectivity of 67 for [OMIM][NTf2] and 48 for [OMPyrr][NTf2].

Figure 7-3 (c) shows the permeance of DMC and methanol of both supported ionic
liquid membranes. It reflects the interaction between ionic liquids and solvents through
eliminating the impact of the driving force. Solvatochromic parameters of solvents and
ionic liquids including Kamlet-Taft solvation parameters and normalized solvent
polarity (EY) were given in Table 7-1. The 8 value hydrogen bond acceptor is more
influenced by anion, both ionic liquids have a low hydrogen bond acceptor, therefore,
the ionic liquid is less favorable to have interaction with methanol than DMC. The
hydrogen bond acceptor follows DMC>[OMPyrr][NTf2]>[OMIM][NTf2]. As methanol is
a strong hydrogen bond donor, it could be more favorable to have a hydrogen bonding
with DMC in the feed solution because DMC has a higher hydrogen bond acceptor
than ionic liquids. Due to the low concentration of methanol in the feed solution, most
methanol could form hydrogen bonding with DMC and be retained in the solution. This
can also be seen from the molecular structure in Figure 7-1. DMC has a carbonyl group
(C=0), which can generate dipole-dipole attraction with hydrogen bond (-OH group) of
methanol. Therefore, the permeance of methanol of both supported ionic liquid
membranes are very low at low concentration of methanol. The permeance of DMC at
low methanol concentration (0.2 molar fraction of methanol) is higher for [OMPyrr][NTf2]
than for [OMIM][NTfz]. The * dipolarity/polarizability of [OMPyrr][NTf2] is smaller than
that of [OMIM][NTf2] (0.96 for [OMIM][NTf2] and 0.73 for [OMPyrr][NTf2]). DMC can be
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more favorable to interact with [OMPyrr][NTf2] instead of [OMIM][NTf2] because DMC
is not a high polar molecule and the =* dipolarity/polarizability of DMC is only 0.47.
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Figure 7-3. The performance of supported ionic liquid membranes based on
ionic liquid [OMPyrr][NTf2] and [OMIM][NTf] at 30 °C, (a) Transmembrane flux, (b)
Separation factor, (c) Permeance of DMC and methanol and (d) Selectivity
(DMC/methanol).

When the concentration of methanol increases, a competition between the ionic liquid
and methanol for affiliating to DMC takes place. Compared to two ionic liquids, DMC
is more favorable to generate a hydrogen bond with methanol. On the other hand, DMC
has a strong interaction between both ionic liquids. As a result, a dragging effect takes
place during the permeation, the methanol also permeate through the membrane with
DMC due to hydrogen bonding interaction between them. From Figure 7-3 (c), it can

be seen that the permeance of methanol in both supported ionic liquid membranes are
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increased dramatically. The selectivity and separation factor have a very low value at

high concentrations of methanol.

Table 7-1. Solvatochromic parameters (Kamlet-Taft solvation parameters)

Component EN a B T Ref.

[OMIM][NT#2] 0.60 0.60 0.29 0.96 354

[OMPyrr][NTf] 0.651 0.80 0.08 0.73 355
Methanol 0.769 1.05 0.61 0.73 355, 356, 357
DMC 0.232 0 0.38 0.47 356, 358, 359

7.2.3 Membrane stability

The major issue of supported ionic liquid membranes is their stability due to the ionic

liquid loss during the operation. Hence, a robust stability test was carried out for both

supported ionic liquid membranes. The prepared membrane tested for 120 h under the

concentration of 0.2 molar fraction of methanol when the transmembrane flux turns to

constant. As some ionic liquids at the top of the membrane pore contacting with feed

solution could lose at the beginning of the test (mentioned in section 7.2.1). The

stability test is shown in Figure 7-4. The test confirms that both ionic liquids were kept

in the pores of supported PAN membrane and give a stable transmembrane flux and

separation factor.
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Figure 7-4. Operational stability of SILMs based on PAN membrane with
supported [OMIM][NTfz] and [OMPyrr][NTf2] under 0.2 molar fraction of methanol at
30 °C

7.2.4 Comparison of DMC/methanol pervaporation separation in literature

A literature overview of the separation of methanol DMC mixtures by pervaporation
was shown given in Table 6-3. Those results can be compared with those obtained in
this work and shown in Table 7-2. Comparing with other studies, supported ionic liquid
membranes have an extraordinary separation performance at 0.2 molar fraction of
methanol at low temperature (30°C) with high selectivity 67 and 48 for [OMIM][NTf2]
and [OMPyrr][NTf2] based supported ionic liquid membranes, respectively. The
separation is favorable to be applied in the situation with a large excess of DMC in the

binary mixture. A high purity of DMC can be recovered in the permeate and reused.
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Table 7-2. Summary the performance of supported ionic liquid membranes in

this work
Feed
Membrane Methanol Temperature Flux Separation Permeance Selectivity Ref
material concentration (°C) (g/m?-h) Factor y ’
(wt%)
947-2400
[OMIM][NT#2] DMC This
0.2-0.8 30 739.8 21.2 1.75-67.34
SILM 14-1370 work
MeOH
548-3867
[OMPyrr][NTf;] pMe Thi
yrr][NTf, . i is
SILM 0.2-0.8 30 1817 10.0 8.162- 1.9-48.41 work
290.15
MeOH

7.3 Conclusions

Two supported ionic liquid membranes based on [OMIM][NTf2] and [OMPyrr][NTf2]
ionic liquids were studied for the separation of binary mixture DMC and methanol. It is
found that for high concentration of DMC (>0.8 molar fraction), the studied SILMs show
a good separation performance with high selectivity comparing with available
membranes in the literature. In addition, the transmembrane flux is also high (739.8
g/m?-h for [OMIM][NTf2], 1817 g/m?-h for [OMPyrr][NTf2]). It is concluded that
supported ionic liquid membrane can have a better mass transfer due to the transport

medium is liquid phase.

However, the membrane performance is highly concentration dependent. At high
concentration of methanol in the mixture, the separation performance decreases due

to strong dragging effect.
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Chapter 8. Conclusion and Future work

139



Chapter 8

8.1 Summary and general conclusions

The extraction of bio-based chemicals from renewable raw materials is important for
the future in order to avoid emission of greenhouse gases from non-renewable
materials and their depletion. Membrane technology, recognized as a clean technology,
plays a more and more important role in separation and purification processes.
Concretely, pervaporation has proved its capability for challenging separation process,

such as breaking azeotropic mixtures.

In this thesis, the separation of organic mixtures from three transesterification reactions
by pervaporation has been studied, applying commercial membranes from Sulzer, self-
made PEEK membrane and supported ionic liquid membranes. The separation
performance of those membranes was evaluated as well as the presence of coupling

effects. The main conclusions of this thesis are as follows:

- Transesterification mixture from reaction 1 (methyl acetate, butyl acetate,
methanol, butanol) and reaction 2 (ethyl acetate, methanol, methyl acetate and

ethanol):

The commercial membranes from Sulzer containing different fractions of PVA content
have been studied. It was found that these commercial membranes appeal to
permeate alcohols rather than esters in pure solution studies. However, the
permeation performance of the membranes is quite different in mixtures. The esters
could permeate through the membrane with alcohols as well. In this study, Hansen
solubility approach is a useful tool not only for the materials selection and screening
for the separation but also for predicting potential coupling effect in the mixture. In
pervaporation, Hansen solubility parameters are applied for investigating the
interaction between polymer materials and pure components. It is concluded that
Hansen solubility parameters of mixture should be taken into account. Due to the
different solubility property of pure component and when it is in the mixture, a
modification of solubility can occur. As a result, a pure component that is not permeable
by a membrane can be obtained in the permeate when it is present in a mixture as

feed solution.

- Transesterification mixture from reaction 3 (glycerol, dimethyl carbonate,

glycerol carbonate and methanol)
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In the production of glycerol carbonate via application of commercial membranes, the
application of pervaporation technology to separate a quaternary transesterification
mixture consisting of glycerol, dimethyl carbonate, methanol and glycerol carbonate
has been investigated. It was found that glycerol and glycerol carbonate are not
permeable due to their extremely low vapour pressure. Only methanol and dimethyl
carbonate can diffuse through the membranes and methanol is concentrated in the
permeate. The temperature effect shows an opposite trend of flux and permeance. The
higher the temperature, the higher the transmembrane flux. However, the permeance
decreases. Therefore, working at low temperature is an advantage in terms of
membrane performance assuming the trading off with the transmembrane flux. The
McCabe-Thiele separation diagram analysis shows that pervaporation can separate
methanol more effectively than flash distillation. Hence, pervaporation could be an
alternative to improve the reaction yield by removing methanol from the reaction

mixture.
- Binary mixture from reaction 3 (dimethyl carbonate and methanol)

The separation of binary mixture dimethyl carbonate and methanol was studied
through self-made membrane (PEEK) and SILMs. In the application of PEEK
membranes for the pervaporation separation of the binary mixture methanol/DMC, the
membrane with separation factor (13.5) has a better performance than other
membranes at low concentration of methanol and at low temperature (30 °C). The
membrane swelling test showed that the membrane can be swollen by both organics,
but more in case of DMC than methanol. Due to the hydrophilicity of the membrane, it
promotes the diffusion of the more polar compound (methanol) of the binary mixture.
However, the molecular interaction plays an important role at high concentration of
methanol. A high concentration of methanol results in a strong dragging effect and a
decrease of the selectivity. The supported ionic liquid membranes based on
[OMIM][NTf2] and [OMPyrr][NTf2] ionic liquids were studied for the separation of binary
mixture DMC and methanol. It was found that the transmembrane flux (739.8 g/m?-h)
has a good performance compared to the literature. In addition, at high concentration
of DMC (>0.8 molar fraction), the SILM based on [OMIM][NTf2] shows a good
separation performance with high selectivity (67). Concentration is an important factor
for the separation performance; at high concentration of methanol, the separation

performance decreases due to strong drag effect.
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Finally, pervaporation is a good alternative to recover organic solvent from the mixture.
A stand-alone pervaporation can give solutions to the separation of organic-organic
mixture when the components exhibit different physical and chemical properties.
However, the performance depends on the interaction between molecules and
membrane materials. The intermolecular force plays an important role in pervaporation.
A strong intermolecular force can lead to a strong dragging effect and result in a
decrease of selectivity. Therefore, it is important to have an analysis for the molecular
interactions, e.g. molecules and molecules, molecules and membrane materials.
Pervaporation can achieve a good separation performance at certain conditions of

temperature and feed concentration.
8.2 Future work

In Chapters 5, 6 and 7, commercial membrane, self-made PEEK membrane and
supported ionic liquid membranes were studied for the separation of quaternary
mixtures (glycerol, glycerol carbonate, methanol, dimethyl carbonate separated by
commercial membrane) and binary mixtures (dimethyl carbonate and methanol
separated by PEEK membrane and SILMs). Although the process design is out of
scope for this thesis, it is still important to have a view of how these developed
membranes can be applied in the separation process. Therefore, further research
could be oriented towards the process design. An example is shown below for the

production of glycerol carbonate.

Process design for glycerol carbonate production

The production of glycerol carbonate via transesterification reaction between glycerol
and dimethyl carbonate has been proposed by Wang et alf®. The production and
separation were composed by reactive distillation (CaO catalyst) and extractive
distillation. In reactive distillation, glycerol and dimethyl carbonate are introduced into
a reactive distillation column. At the bottom, the DMC and glycerol carbonate mixture
is obtained. As glycerol carbonate has high boiling point and extremely low volatility,
DMC and glycerol carbonate can be easily separated by a simple distillation. The
distillate of reactive distillation column is the mixture of methanol and dimethyl
carbonate. This binary mixture is introduced to extractive distillation for further

separation. Hsu et al, compared different candidate entrainers for extractive distillation
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methanol and DMC. It is found that aniline is the best solvent3¢°. Then, methanol is
obtained as distillate of extractive column. DMC and the solvent are obtained at the
bottom of the extractive distillation column and they are separated in a recovery column.

This separation flowsheet is shown in Figure 8-1.

In Chapter 5, it was shownthat the glycerol and glycerol carbonate can not permeate
through the commercial membrane due to their low volatility. In the literature, it is also
shown that high conversion of glycerol (>95%) is possible for the transesterification
glycerol and DMC. Hence, a high purity of glycerol carbonate can be obtained when
DMC and methanol are removed by commercial membrane as permeate. Then, further

separation of the binary mixture DMC and methanol is the key for this process.

MeOOH DM
" " ;a' Mel(dH
i +DMOC
i “| recovery
ED i column
column
KD
column salvent
GL i
DMC 5
reactive
section
DMC
3 s
\|_/ recovery
» column
GC

Figure 8-1 Flowsheet of the proposed reactive distillation and extractive distillation
process for production of glycerol carbonate. Reprinted with permission from Wang et

al.®®

The separation of DMC and methanol has been studied by using pressure swing
distillation3®" and distillation-pervaporation hybrid process®¢?. The flowsheet of
distillation-pervaporation hybrid process is shown in Figure 8-2. The 20 wt% methanol
mixture was fed to the distillation and the azeotropic mixture was fed to pervaporation
unit. Finally, 99 wt% DMC and 95 wt% methanol were obtained.
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Figure 8-2. Separation of DMC/Methanol by distillation and pervaporation. Reprinted

with permission from Rautenbach et al.36?

According to the information from literature, it is proved that the hybrid process is a

feasible approach for this separation. According to the results obtained in this work,

the proposed flowsheet is shown in Figure 8-3.

Glycerol carbonate
(97.7~99.73%), residual
glycerol (2.3-0.07%)

DMC/Methanol

Feed quaternary mixture:
Glycerol carbonate (~17%), Retentate Retentate
DMC (~50%), Methanol (~17 kmol/h) - , DMC/Methanol
Binary mixture:
~33%) and residual glycerol 9
(~33%) Bl DM (55:2%) Metiansl uaes) | (BO/20%)
(2.3-0.07%)
Flowrate: 20 kmol/h
Flowrate: 100 kmol/h Binary mixture:
DMC (60.2%)/ Reuse
Pervap 4155-80 —
Methanol (39.8%) NG~ S Bl%
(s]
Flowrate: 22.5 kmol/h DMIC/Methanel
(90/10 %) SILMs (125 kmol/h)

Flowrate 2.5 kmol/h

Figure 8-3. A proposed flowsheet for the production of glycerol carbonate
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The quaternary mixture from reactor is fed to a stand-alone pervaporation unit, the
commercial membrane can separate the mixture with two groups. In the retentate,
glycerol carbonate is enriched, the purity of glycerol carbonate depends on the
conversion of glycerol. In some literatures®:57.65272 the conversion of glycerol can
achieve 97.7% - 99.93%. Therefore, it is possible to achieve a high purity of glycerol
carbonate with just a stand-alone pervaporation unit at this stage. In the permeate, a
binary mixture methanol/DMC with 39.8% molar fraction of methanol could be obtained.
Then, the permeate binary mixture DMC/methanol is fed to a distillation column. The
parameters of distillation are: 50 stages with 3 reflux ratio. The function of distillation
column is to achieve a pre-concentrated methanol/DMC mixture with 0.9 molar fraction
of DMC at the bottom. By simulation using Aspen 11, at the distillate, the composition
is 44.8% methanol. This distillate is mixed with the retentate flow coming from SILMs
and send back to the distillation. The mixture in the bottom of distillation transports to
pervaporation unit equipped with supported ionic liquid membrane. The supported
ionic liquid membrane can achieve a high purity of DMC in the permeate when the feed
concentration is above 0.8 molar fraction of DMC. Finally, a high purity of DMC (98
mol%) can be recovered. The SILM based on [OMIM][NTf2] ionic liquid has a high

permeation flux, 22.5 mol/h DMC can be recovered with 1 m? membrane area.

From these results, it is concluded that applying membranes coupled with distillation
to achieve high purity of glycerol carbonate product and recover high purity of DMC for
reuse is possible. It is straightforward that the pre-concentration of DMC in distillation
only up to 0.9 molar fraction, the energy cost of the distillation should be greatly
decreased. However, a further detailed study is still necessary for the optimization of
separation sequence, energy consumption analysis and installation costs. For
distillation, the variation of number of stages and reflux ratio is important to achieve an
economical separation performance. For pervaporation, the process costs of the
variation of membrane area, heater exchange and permeate pressure must be
optimized according to the concentration at each process stage. This should be done

in the future.
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Appendices

Chapter 1

A1.1. Summarizing of the chemical structure and relevant properties of the
mixture components

The chemical structure and properties of the mixture components were listed in Table
A1.1 and Table A1.2
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Table A1.1. The chemical structure and properties of the mixture components

Materials Chemical Molecular Molar Volume | Boiling Point (°C | Polarity (water Log1o(Kow)
Structure Weight (g/mol) (I/mol) at 1 atm) 100)
H
Methanol(" H—<::—oH 32 40.4 64 76.2 -0.82
H
K
Ethanol™ H-C~C~0-H 46 58.7 78 65.4 -0.32
H H
Butanol™ 7 N"0H 60 75.1 97 61.7 0.34
O
Methyl acetate(") L _cn, 74 79.8 57 29.0 0.18
H;C O
(0]
1
Ethyl acetate(” )\o o~ 88 98.5 77 23.0 0.73
(0]
(1
Butyl acetate /LO A 116 132.5 126 24 .1 1.7
Dimethyl 9
carbonate® HSCO)LOCHS 90 84.2 90.3 23.2 0.15
OH
Glycerol® HO\)\/OH 92 73.0 290 81.2 -2.32
O
Glycerol o’ 118 84.3 110-115* NA 1.77

Carbonate®@

OH

* Boiling range, 0.1 mm Hg, °C
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() Lan M. Smallwood, Handbook of organic solvent properties, Butterworth-Heinemann 1996

(2) José |. Garcia, Héctor Garcia-Marin and Elisabet Pires, Glycerol based solvents: synthesis, properties and applications, Green
Chem. 2010, 12, 426-434
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Table A1.2. Antoine equation vapor pressure constants (logio, mmHg)

Materials A B C
Methanol(") 8.081 1582.271 239.726
Ethanol™ 8.112 1592.864 226.184
Butanol™ 8.379 1788.020 227.438
Methyl acetate(" 7.065 1157.63 219.726
Ethyl acetate(" 7.102 1244 .95 217.881
Butyl acetate(" 7.028 1368.5 204
Dimethyl carbonate* 6.434 1413.00 -44 .25

* Unit: P=kPa, T=K

() Lan M. Smallwood, Handbook of organic solvent properties, Butterworth-
Heinemann 1996

(2) Satyajeet S. Yadav, Nilesh A. Mali, Sunil S. Joshi and Prakash V. Chavan, Isobaric

Vapor-Liquid Equilibrium Data for the Binary Systems of Dimethyl Carbonate with
Xylene Isomers at 93.13 kPa, J. Chem. Eng. Data 2017, 62, 2436-2442
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A1.2. Summarizing of the chemical structure of membrane materials

1. PEEK-WC

NI

2. Cations: [OMIM]* and [OMPyrr]*

ﬁ\w._

NN NP

1-octyl-3-methylimidazole ([OMIM]*)

1-octyl-1-methylpyrrolidine ([OMPyrr]*)

3. Anion
bis(triuoromethanesulfonyl)imide ([NTf2]")

AN A

F S, S _F
T od I
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Chapter 3

A3.1. Reynolds number in the membrane cell estimation
In order to achieve turbulent flow, the Reynolds number should larger than 5000.

The kinematic viscosity of the mixture is estimated by the method proposed by
Refutas (2000), which can estimate a mixture two or more liquids.

VBN; = 14.534 X In(In(v; + 0.8)) + 10.975
where VBNi is Viscosity Blending Number of each component.

The VBN of mixture is then calculated:

N
VBNpisture = ) i X VBN,

i=0

The kinematic viscosity of the mixture can be estimated using the viscosity blending
number of mixture:

VBNpixture — 10.975)) 08

Unixture = €XP (exp ( 14.534
In our case, the kinematic viscosity is 2.16X10-6 m2/s.

The flow velocity is 0.387 m/s for 70 L/h flow rate in our system and hydraulic
diameter is 0.07 m.

Then the Reynolds number is calculated as follows:

_ Vreea fluia X Du

Re = 12550

Umixture

Therefore, we introduce a high flow to minimize the resistance to mass transfer
located at boundary layer. Hence, it is assumed that the resistance to mass transfer
located at boundary layer can be negligible.
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Chapter 4

A4.1. Overall average transmembrane flux of different types of membranes for

mixture M1 at 30 °C, 40 °C and 50 °C
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Figure A4.1. Overall average transmembrane flux of different types of
membranes for mixture M1 at 30 °C, 40 °C and 50 °C
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A4.2. The separation factor of different types of membranes for the mixture M1
at 30 °C, 40 °C and 50 °C; (a) 1255-30 membrane, (b) 4155-40 membrane, (c) 1255-
50 membrane and (d) 4155-80 membrane
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Figure A4.2. The separation factor of different types of membranes for the
mixture M1 at 30 °C, 40 °C and 50 °C; (a) 1255-30 membrane, (b) 4155-40
membrane, (c) 1255-50 membrane and (d) 4155-80 membrane
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A4.3. Transmembrane flux of different types of membrane for the mixture M2 at
30°C, 40°C and 50°C
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Figure A4.3. Transmembrane flux of different types of membrane for the mixture
M2 at 30°C, 40°C and 50°C
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A4.4. The separation factor of different types of membranes for mixture M2 at
different temperature (a) 1255-30 membrane, (b) 4155-40 membrane, (c) 1255-50
membrane and (d) 4155-80 membrane
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Figure A4.4. The separation factor of different types of membranes for mixture
M2 at different temperature (a) 1255-30 membrane, (b) 4155-40 membrane, (c)
1255-50 membrane and (d) 4155-80 membrane
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A4.5. Hansen solubility sphere for PVA and pure components and mixtures at
40 °C
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Figure A4.5. Hansen solubility sphere for PVA and pure components and

mixtures at 40 °C (a) 3D representation; (b) Projection into hydrogen-polar plane and
(c) Projection to hydrogen-dispersion plane
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A4.6. Hansen solubility sphere for PVA and pure components and mixtures at
50 °C
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Figure A4.6. Hansen solubility sphere for PVA and pure components and
mixtures at 50 °C (a) 3D representation; (b) Projection into hydrogen-polar plane and
(c) Projection to hydrogen-dispersion plane

157



Appendix

A4.7. Calculated Hansen solubility parameters of each component at 40 °C

Table A4.1. Calculated Hansen solubility parameters of each
component/mixture and distance between solute and the center of the solubility
sphere PVA (Ad (sp)) at 40 °C

Material op op OH AD (sp)
PVA 17.2 13.6 15.4
Methyl acetate 1.4 6.4 6.8 16.0
Butyl acetate 12.4 3.4 5.7 17.0
Ethyl acetate 1.7 4.7 6.4 16.7
Methanol 14.8 12.2 221 8.4
Butanol 15.6 5.7 14.4 8.6
Ethanol 15.5 8.7 19.2 7.1
Mixture M1 13.8 6.5 12.1 10.3

Mixture M2 13.4 8.0 13.7 9.6
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Appendix

A4.8. Calculated Hansen solubility parameters of each component at 50 °C

Table A4.2. Calculated Hansen solubility parameters of each
component/mixture and distance between solute and the center of the solubility
sphere PVA (Ad (sp)) at 50 °C

Material op or OH DB (s.p)
PVA 17.1 13.6 15.4

Methyl acetate 8.7 5.9 6.3 20.6
Butyl acetate 10.1 3.2 54 20.2
Ethyl acetate 8.9 4.4 5.9 21.0
Methanol 14.5 121 21.9 8.5
Butanol 15.4 5.6 14.3 8.7
Ethanol 15.3 8.7 19.1 7.23
Mixture M1 13.6 6.3 12.0 10.7

Mixture M2 12.9 8.0 13.4 10.4
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Appendix

Chapter 6

AG6.1. Partial flux of methanol and DMC for different concentrations
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Figure A6.1. Partial flux of methanol and DMC at different concentrations, 0.1
molar fraction of methanol (a); 0.3 molar fraction of methanol (b); 0.5 molar fraction
of methanol (c); 0.7 molar fraction of methanol (d) and 0.9 molar fraction of methanol

(e).
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Appendix

Terminology

1. Membrane sorption and membrane swelling

The membrane sorption test reflects the affinity between membrane materials and the
permeant molecules. It describes the stage of the membrane process in which the
penetrant molecules are sorbed into the polymeric membrane until the sorption

equilibrium is achieved.

The sorption of a solvent into a membrane causes intrinsic changes in membrane
structure. Hence, membrane swelling is a phenomenon in which solvents diffuse into
polymer chains and expend the polymer network. The degree of swelling was
calculated from the difference between the wet weight Mwet after equilibrium sorption
and the dry weight Mary.

2. Permeation

In pervaporation, the permeation is the transmembrane flux through a membrane
involving sorption and diffusion of permeant molecules from feed side to permeate side,

relating to the driving force, e.g. concentration gradient of the permeant molecules.
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