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ABSTRACT

In the current context of high biodiesel production, some by-products are created partic-
ularly glycerol. Glycerol has a wide range of applications however its market is supersatu-
rated as its production is very high. A solution found is the production of a value added com-
ponent from glycerol. This value added component is the glycerol carbonate (GC) produced
by transesterification reaction of glycerol with dimethyl carbonate (DMC). The reaction in-
cludes four components: glycerol, DMC, GC and methanol. As methanol and DMC make up
an azeotropic mixture, it is not possible to separate them by distillation. Pervaporation is a
solution for this separation as it can break the azeotrope mixture and have other advantages
especially energy saving. The pervaporation using polymeric membrane presents disadvan-
tages as the low thermally and chemically resistance. Therefore another kind of membrane
is needed. As ceramic membrane resistance is higher, the commercial HybSi ceramic is se-
lected for this thesis experiments. This study aim to analyse the separation of DMC and
methanol by pervaporation. The separation performance of HybSi membrane is evaluated
at 40-50-60°C with binary mixture of different concentrations. The permeation through the

membrane is analysed by the solution-diffusion model.

The results showed low permeate flux between 0 and 0.86 [%] The separation factor
is approximately equal to 1 demonstrating low separation efficiency. Temperature and feed
concentration influence the performance results. The major drawback of this membrane is

the performance results instability.

This work shows that HybSi membrane is not suitable for separation of DMC and

methanol by pervaporation.
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CHAPTER 1

INTRODUCTION

In this chapter, literature study has been done. First of all the context of this thesis will

be discussed.

After finding which compound has to be separated, the method in order to

separate them is selected. A comparison of different membranes used nowadays is done and

ceramic membrane (HybSi membrane) is chosen. Finally the objectives of the this thesis will

be stated.

1.1 Context: Biodiesel production

EU production (in ,000 tonnes)

Country Total
6000 14000
5000 _— - 12000

L
/ - 10000
4000 |

3000

2000

1000

1998 2000 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

= Germany mmmm France mmmm Spain  mmmm taly mssm Others EU ——Total EU

Figure 1.1: Evolution of biodiesel production in Europe [1].

As illustrated on Figure 1.1, it can be observed that the biodiesel production increases nowa-

days due to high diesel need especially in Europe and the evolution of biofuel in the modern-

day society. Nevertheless the main drawback of biodiesel is the price.



CHAPTER 1 — Introduction

Biodiesel can be derived from different oils mainly composed of triglycerids. The trans-
formation reaction to form biodiesel is called transesterification as exposed on the Figure
1.2. Alcohol (usually methanol) and ester react in order to make some fatty acid also called
ester fatty acid. But this reaction is quite slow, a catalyst is frequently added. It was noted
that the production of every 10 kg of biodiesel via the transesterification process yields ap-

proximately 1 kg of crude glycerol which is a by-product [31].

| I |
H-C—0-C-FR, R, -C-0-CH, H-C—0QH

8] Q |

| KOH I

H_C_D_C_R] + BCHqUH B — R:—C_D_ CH} + H_c_GH

] O |
H-C-0-C-R, R,-C-0-CH, H-C—OH

H H

Triglycerides Methanol Biodiesel Glycerol

Figure 1.2: Biodiesel production.

Glycerol is a valuable by-product as it has a wide range of industrial applications [31].
At present, glycerol has over two thousand different applications, especially in pharmaceu-
ticals and drugs (giving pills humidity and increasing liquid drugs viscosity, plasticizers for
medicine capsules), personal care (cough syrups, ear infection medicines, toothpastes to pre-
vent hardening and drying out in the tube), foods and beverage (sweetener and preservative
agent for extracts of tea for example), cosmetics, excellent solvent for different chemicals,
as shown in Figure 1.3. Glycerol is a nontoxic, edible, biodegradable compound so it is very

advantageous for these environmental features.

Cellophane

2%

Tobacco
6%

Figure 1.3: Glycerol applications [31].
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Section 1.2 — Glycerol carbonate

It was reported that present glycerol market is low due to its abundance caused by high
biodiesel production. Then researches are done now to find valuable compounds produced

from glycerol.

1.2 Glycerol carbonate

Glycerol carbonate (GC) is one of the glycerol derivatives that attracts scientific and indus-
trial interests due to its low toxicity, low flammability, biodegradability, high boiling point,
slight viscosity and water solubility [37] [30]. It is a high value-added product with market
price greater than 8141 US$/ton [32].

GC has found applications as a high boiling polar solvent, an intermediate in or-
ganic synthesis and as bio-chemical-monomer precursor for the synthesis of polycarbon-
ates, polyurethanes, glycidol-based polymers and surfactants, emulsifier in cosmetics and
in cleaning agent [30] [2], in paints, gas separation membrane [37].

The potential industrial uses of GC are presented in Figure 1.4 [32].

Semiconductor industry
- electrolytes in lithium and
lithium-ion batteries
- surfactants & detergents

‘ - blowing agent

(0]
)J\ Pharmaceutical industry J

Chemical industry

- chemical intermediates

- glycidol

- biolubricants

- biobased polar solvents

- liquid membrane in gas separation

Polymers & Plastics
industry

- polyesters

- polycarbonates

- polyamides

- polyurethane plastic coatings
- hyperbranched polyethers

- solvent for plastics and resins

o O

o
N

Agricultural industry
- plant-activating agent

Figure 1.4: Glycerol carbonate applications [32].

- solvent for medicinally active species
- carrier in pharmaceutical preparations

/Cosmetics & Personal care
industry

- ewsiiicat aid aivene 5 nadl Building & Construction industry

polish remover, lipsticks, anti-
perspirant sticks
- wetting agent for cosmetic clays

- curing agent in cement and concrete
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CHAPTER 1 — Introduction

1.2.1 Glycerol carbonate production

GC can be produced by different processes from glycerol as glycerol phosphogenation (lim-
ited due to the toxicity of phosgene) or glycerol direct carboxylation/carbonation with CO2
(limited by thermodynamics); oxidative carbonylation of glycerol with CO and Oxygen;
transesterification of glycerol with ethylene carbonate or dimethyl carbonate . GC could
also be produced by glycerolyse with urea [37] [2].

@]
0O )J\
OH )J\ @) (@]
HOV}\/OH + ~0 o m— ;. 2CH;0H

HO

Figure 1.5: Transesterification reaction to produce glycerol carbonate.

The transesterification reaction is shown in Figure 1.5. This is an equilibrium reac-
tion then the conversion is not very high. Some parameters can be modified in order to
increase the conversion such as temperature, molar ratio of DMC to glycerol, time and cat-

alyst (choice and quantity, heterogeneous or homogeneous).
A lot of catalysts can be used [32]:
* Homogeneous: K,CO3, KOH, NaOH, Ionic liquid or H,SOy4
* Heterogeneous: CaO, CaCOs3, Na,0, ZnO, MgO, etc

The optimal conditions for transesterification reaction are (using Na,SiO3 — 200 cata-
lyst!)[37]: a ratio DMC to glycerol of 4:1, 75°C, 5 %wt catalyst and during 2.5 hours.

With this conditions the glycerol carbonate conversion reaches 97.8 % and the yield
equal to 95.5 % [37].

1NazSiO3 — 200 has been calcined at 200°C. This catalyst is stable, non toxic, cheap, has a high activity
and easiness of re-usability.

EPL2990 6



SectION 1.3 — Azeotrope mixture methanol-dimethyl carbonate

1.3 Azeotrope mixture methanol-dimethyl carbonate

As said before, an equilibrium mixture is made up four compounds: dimethyl carbonate,
glycerol, methanol and glycerol carbonate. However the separation of these four compounds
is very difficult to achieve. Separation of dimethyl carbonate (DMC) with methanol (MeOH)
is fundamentally difficult as DMC forms an azeotrope with MeOH at 86.47 %mol at 1 bar
of MeOH as shown on Figure 1.6. The computation of this curve is explained in Appendices
Section 5.1.3. Consequently common distillation can not be used. Indeed, in a distillation
column the azeotrope mixture will be obtained at the bottom or upper flow depending on
the feed concentration. A computation example of stages number for distillation column
can be found in Appendices Section 5.2. Even if few distillation columns are put in series, a

good separation is unfeasible.

[
(V=)

0,8 T
."‘.Il-'

o
| S
(=]
B
m 0,6
e
i - 0.1 bar
D Pt
2 05
= 0.5 bar
3
2 na
o B4 1 bar
m
=
- Yk asammasas :r‘='|'l
>~ 03

=
(=]

-
=

=]

[
==
[
(==
2% ]
[=]
[Ex]

oA nc aE Mo P
e u,d v, (L u

[=s]
(=]
(¥ =]
[

x, Liguid mole fraction

Figure 1.6: Azeotrope mixture of methanol and dimethyl carbonate.

There are different distillation techniques frequently used to break the azeotrope:
Pressure-swing distillation, azeotopic distillation, and extractive distillation. Extractive and
azeotropic distillation require the addition of mass separating agent or so-called entrainer

or simply solvent as well as phenol (organic solvent) and others as ionic liquids [15] [5].
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CHAPTER 1 — Introduction

Pressure-swing distillation is a technique using the variation of the azeotrope point
with the pressure as illustrated on Figure 1.6. As it can be observed, significant variations of
the azeotropic point need high variations in pressure which is fundamentally difficult and

expensive to set up.

Extractive distillation can be observed on Figure 1.7 with Ethyl benzoate as solvent but
other compounds can also be used as solvent (Methyl salicylate, Phenol, Dimethyl oxalate,
2-Ethoxyethanol or 4-Methyl-2-pentanone). The principle of extractive distillation is quite
simple, due to the presence of the solvent, methanol can be separated in the first column

than DMC is separated from the solvent in the second column and solvent is eventually

recycled.
Qc=-1918.4 kW 145.5 kmol/h Qc=-738.2 kW 25.04 kmol/h
337.7K 363.4K
MeOH 99.99 mol% MeOH 0.03 mol%
DMC 0.01 mol% DMC 99.80 mol%
Ethyl Benzoate 0,17 mol%
Ethyl benzoate (Make-up) 101.3kP: 101.3kP:
3 4ykm01,h’ 29;K K 1 Reflux Ratio=0.35 1 Reflux Ratio=2.15
5 > s
A 400.0 kmol/h, 473.9K
375 kmolh MeOH 0.01 mol%
320K ED DMC 6.25 mol% SR
DMC 0.01mol% , Ethyl benzoate 93.74 mol%
Ethyl Benzoate 99.99 mol% =
>l 8
N7=80 Ny=24
- o 1}
A "Wg 170.5 kmolh
298K
MeOH 85.33 mol?
DMC 14.67 mol%
493.7K Qr= 6283.5 kW (HP steam) Qr=1197.7 kW (HP steam)

Figure 1.7: Advanced distillation example - Extractive distillation [15].

Two major drawbacks of this method are high energy consumption and solvent usage.

1.4 Methanol - dimethyl carbonate: separation by pervapo-

ration using polymeric membrane

DMC and methanol separation through distillation is very complicated as shown earlier.

Then pervaporation is a good alternative as it is economical, energy-saving, and eco-friendly
and flexible[18] [25].

EPL2990 8



SectioN 1.4 — Methanol - dimethyl carbonate: separation by pervaporation using polymeric membrane

Pervaporation is already used in the industry for some applications like dehydration
of organic solvents, separation of dissolved organics from water and separation of organic

liquid mixtures [24].

A basic example of industrial application is dehydration from ethanol. Ethanol and
water mixture make up an azeotrope which is not possible to distillate. This is the reason

why hybrid system combining pervaporation and distillation has been developed.

1.4.1 Basic principle of pervaporation

The term pervaporation means permselective and evaporation. This technique allows sep-
arating compounds from liquid mixture using a dense membrane. The pervaporation does
not separate the compounds by thermal equilibrium as distillation but by kinetics. This
way components of azeotropic mixture can be separated. As Figure 1.8 shows, a compound
(A on the figure) permeates fast through the membrane while other slowly, that is the way
the separation occurs. Due to the vacuum applied at permeate side, the liquid evaporates

somewhere in the membrane.

Asymmetric or

thin-film
composite
membrane
T Vapor
Liquid feed l Liquid lVapor T permeate
pressure, P4 phase |phase pressure, Py
zone | zone
|
|
I
|
Fast
permeation
Species A
Slow
permeation
Species B |
|
|
|
I
|
. |
Liquid |
retentate l |
l”1 > P2

Figure 1.8: Pervaporation principle [6].

EPL2990 9



CHAPTER 1 — Introduction

On Figure 1.9, the usual flow-sheet of a pervaporation installation is shown. The feed
is divided in two parts. One part, the retentate, does not pass through the membrane and
which is recycled. A second part, the permeate, passes through the membrane. The permeate

is condensed in order to have liquid solution.

The major advantage of this configuration is the possible increase of the reaction yield.
Due to the membrane selectivity towards one product, this one is removed from the mixture
then the yield is improved due to Le Chatelier principle. This major pervaporation advan-
tage described above is only possible if the reactor is combined with the separation media

nevertheless this point is outside of this document scope.

Recycle
Feed Retentate
.
Membrane
Permeats
:I ]‘: Vacuum
Condenser

Figure 1.9: Pervporation functioning [28].

The mass transfer mechanism of pervaporation is usually described by the solution
diffusion model as shown on Figure 1.9. There are three major steps of permeation through
the membrane, first sorption then diffusion through the membrane and finally desorption

(which is very fast due to the vacuum).

The solution diffusion model is explained later in the Section 2.2.2.

EPL2990 10



SecTION 1.4 — Methanol - dimethyl carbonate: separation by pervaporation using polymeric membrane

(i) Sorption

(ii) Diffusion

(iii) Desorption

Figure 1.10: Graphical representation of the solution diffusion mechanism [28].

A numerical case study compares the difference between processes for the production
of acetal [16]. The three cases are: basic one (tubular reactor and distillation), reactive dis-
tillation and hybrid process combining reactor and pervaporation (Hybsi membrane). The

comparison is shown on Table 1.1. This data confirms all the advantages previously stated.

Table 1.1: Processes comparison [16].

Basic case | Reactive distillation | Pervaporaton
Conversion (Plug flow) 39% 41% 43%
Steam 3.5bar (fSuas) 1.80 3.76 1.12
Cooling water ( kgafsz) 33.68 78.20 19.51
Electricity (,f;TMZ;) 0 0 0.09

Other articles [3] [12] also confirm that pervaporation (using Hybsi ceramic mem-

brane, also used for this thesis) allows an energy saving up to 50%.

EPL2990 11



CHAPTER 1 — Introduction

1.4.2 Pervaporation using polymeric membrane

One of the most known pervaporation applications is for ethanol/water separation. There
are a lot of studies about this. Indeed with the evolution of bioethanol market, its produc-
tion has been increased. Nevertheless biethanol contains water which must be removed be-
cause water decreases the fuel efficiency. As ethanol makes an azeotrope mixture with water,
pervaporation technology has been chosen to dehydrate bioethanol. More information and

result examples can be found in the literature [38].

Pervaporation of methanol and DMC using polymeric membrane

From different studies found in literature, temperature and concentration have strong im-
pact on the membrane separation performance, the goal of pervaporation is to obtain high

flux and high separation factor in order to have an efficient separation.

Some results for DMC/MeOH separation using polymeric membrane have been found

in the literature and are displayed on Table 1.2.

The first class and the most frequent membrane is PDMS membrane. Chitosan silica
hybrid (CS) membrane is the second class. This membrane type is hydrophilic. Another type

of membrane is Nafion®.

Table 1.2: Results for DMC-Methanol separation through pervaporation using polymeric
membrane.

C iti S ti
Membrane Temperature [°C] OMPOSIHON | SEPATAON | £ x [k—zgh] Reference
[MeOH| factor "
PDMS
PDMS/PVDF
_ 40 72 %wt 3.95 0.4872 [42]
composite
Hydrophibi
At 40 70 %wt 3.94 0.702 [36]
nano-silica/PDMS
CS
STA/CS 50 10 %wt 67.3 1.163 [10]
STA/CS 50 70 %wt 33 1.48 [10]
STA/CS 40 10 %wt 90 1.03 [10]
CS 50 10 %wt 21 0.21 [10]
CS 50 70 %wt 12 0.32 [10]
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Composition

Separation

Membrane Temperature [°C] Flux [k—zgh] Reference
[MeOH] factor "
Crosslinked chitosan
, e 35 70 %wt 66 0.23 [40]
by dilute sulfuric acid
Crosslinked chit
rossiifticed chitosan 45 70 %wt 60 0.26 [40]
by dilute sulfuric acid
Crosslinked chitosan
, e 35 10 %uwt 50 0.06 [40]
by dilute sulfuric acid
Crosslinked chit
rosstifticed chitosan 45 10 %wt 40 0.1 [40]
by dilute sulfuric acid
Crosslinked chitosan
_ o 35 70 %wt 10 0.12 [39]
by dilute sulfuric acid
Crosslinked chitosan
_ e 45 70 %wt 10 0.18 [39]
by dilute sulfuric acid
Crosslinked chit
rossiifticed chitosan 35 11 %wt 35 0.040 39]
by dilute sulfuric acid
Crosslinked chit
rossinied chitosan 45 10 %wt 34 0.048 39]
by dilute sulfuric acid
CS 40 30%wt 22 0.22 [9]
CS 50 30%wt 16.6 0.26 [9]
Chit linked
1osal Crossinice 40 30%wt 45.3 1.05 [9]
with APTEOS
Chit linked
Hrosal crossinie 50 30%wt 41.4 1.158 9]
with APTEOS
Chitosan crosslinked
50 70 %wt 30.1 1.265 [9]
with APTEOS
Nafion®
40 78%mol 2 4 [20]
40 13%mol 19 0.8 [20]

For PDMS membrane [36], increasing MeOH content increases separation factor but

decreases flux. Raising the temperature increases flux while decreases separation factor.

For CS membrane, generally increasing MeOH content increases the flux but decreases

the separation factor. As for PDMS membrane, raising the temperature increases flux while

decreases separation factor. Finally crosslinking helps having an improved separation as the

flux and the separation factor is higher.

EPL2990
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1.5 Advantage of ceramic membrane

Pervaporation performance is mainly determined by the membrane. Hence the membrane
material is crucial for separation. Nowadays polymeric membrane is widely used due to its
low price and fabrication ease. Nevertheless chemical, mechanical and thermal resistance
are the major problems of polymeric membrane and the lifetime of these membranes is
short.

Ceramic membrane is the solution to these problems as the membrane has high me-
chanical, thermal and chemical resistance, non swelling behaviour, easy cleaning [22]. Hence
ceramic membrane type is the main subject of a wide range of research currently. It is used

for ultrafiltration, nanofiltration, reverse osmosis, gas separation and pervaporation [22].

Ceramic membranes are a kind of artificial membrane made from inorganic materi-
als such as alumina, titania, zirconia oxides, silicon carbide or some glassy materials. The
drawbacks of ceramic membrane are the price, complex processing and the low membrane

surface area per volume [33].

This kind of membrane also shows high fluxes and separation factor for pervaporation
[34] as shown in Section 1.6. That is why the performance of ceramic membrane will be the

content of this study.

Membrane is usually composed of a porous inorganic support and a selective layer.
The selective layer applied on the support determines the membrane resistance to different
medium conditions [4]. This type of membrane processes higher permeation flux and stabil-
ity simultaneously, for this reason ceramic membrane is suitable for industrial application
[18].

Composite membrane also demonstrates an interesting behaviour. As shown on Fig-
ure 1.11, the combination of ceramic support and polymeric selective layer allows having
better properties as high mechanical and thermal resistance leading to high performance
pervaporation [18] [24]. This membrane type is being the focus of some studies. It could be
used for several applications as bio-fuel recovery from fermentation broth, desulfurization

of gasoline and dehydration of alcohols and esters [18] [24].

EPL2990 14
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[
lll_\'[lll‘l‘

Figure 1.11: Polymer ceramic composite membrane: Ceramic support and thin layer of
polymer[18].

Ceramic membrane composed of oxides has hydroxyl (OH) groups on its surface is
consequently hydrophilic. Therefore, in some cases a membrane surface hydrophobization

process is needed as exposed on Figure 1.12.

In several articles [22], hydrophobization process on titania, zirconia and alumina ce-
ramic membrane were efficiently done. A very important application of this membrane is
VOC removal from water. Indeed, as the VOC legislation has been changed, the industry
has to adapt which makes pervaporation using hydrophobized ceramic membrane an ap-
propriate alternative. The hydrophobization is very important in this application to prevent

water passing through the membrane while only the VOC pass through.

CA = 136°

CH,
CHO— ?'_Oca"'s
OC.H,

PFAS

Figure 1.12: Hydrophobization process by different grafting (C6 or C12) [22].

Pervaporation efficiency is impacted by membrane material, pore size and grafting

conditions (hydrophobization).
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1.6 Pervaporation example using ceramic membrane

In this section, ceramic membrane used for pervaporation will be studied especially Hybsi
membrane (Hybrid Silica). Ceramic membranes are at research stage but some examples can

be found in literature.

Table 1.3: Results for some ceramic membrane applications.

Mixture Temperature | Separation Flux
Membrane . K Reference
Composition [°C] factor [m_Zgh]
P ili
' orous silica DMC-MeOH
with surface treatment
Si0, — ZrO, treatment 47-53 (Y%mol) 50 10 0.1 [34]
Si0, treatment 50-50 (%mol) 50 10-160 0.1-20 [34]
HybSi
Ethanol 95%wt
80 120 1.5 [19]
Water 5%wt
Isopropanol 95%wt
80 10000 3.38 [19]
Water 5%wt
DEG 99%wt
80 9800 0.070 [29]
water 1%wt
Glycerol 15%wt
65 10 [27]
water 85%wt
Gl 1 30%wt
ycero ow 65 9 (27]
water 70%wt
Gl 1 60%wt
ycero ow . 3 (27]
water 40%wt
Glycerol 90%wt
65 0 [27]
water 10%wt
NH; 0.1%wt
3w 70 0.01-2.74 | 3.36-5.97 |  [41]
water 99.9%wt
Hydrophobic Hybsi
Butanol 2%wt
60 15 0.5-0.6 [13]
water 98%wt
Butanol 2%wt
90 15 1.2-1.5 [13]
water 98%wt

In the Table 1.3, results of different researches using ceramic membrane are provided.

EPL2990
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The first type of membrane is porous silica membrane with different pore size and
surface treatment (influencing the flux and separation factor). It is used in this case for
DMC-MeOH separation [34]. Thus it is very interesting because the results obtained from
this study can be compared with the results of this study. Several surface treatments are ap-
plied using Si0,,Si0,-Zz0,. SiO,-ZrO, membranes expose a separation factor <10 while
the SiO, porous membranes had higher separation factor from 10-160. These results can
be understood this way, MeOH is more hydrophilic and has lower molecule size (0.38nm)
compared to DMC then the membrane must have small pores and be hydrophilic. This way,
higher flux and separation factor can be achieved. For example SiO, has smaller pores (pore

size can be adjusted) and is more hydrophilic [34].

The second ceramic membrane type is the HybSi membrane. Hybsi membrane material
can be different/modified. Indeed the selective layer may be modified depending on the ap-
plication. However information is not frequently available then this data should be consid-
ered carefully. This membrane is often used for dehydratation (of ethanol, isopropanol and
Diethylene glycol) as it is hydrophilic [19] [4]. This is also the membrane used in this exper-
iment study then more information about this membrane can be found in the Section 2.1.1.

Another application for Hybsi membrane is gas separation as for H,, He, CO,, N, C3Hg [21].

The third case is different, the hybrid silica membrane has been hydrophobized in

order to let passing butanol trough the membrane [13].

1.7 Objectives

Now that this study context has been set. Two components (methanol and dimethyl car-
bonate) must be separated through pervaporation. Several membranes have been already
used for this separation. As these membranes do not satisfy on a chemically and thermal
resistance view point, another kind of membrane must be tested. As ceramic membrane is
stabler, HybSi ceramic membrane has been chosen. Its performance of pervaporation sepa-

ration process will be verified and this is the main goal of this study.

First of all, the experimental conditions and the model to analyse results will be ex-
plained in the materials and methods chapter. Afterwards experimental results of this study
will be provided and discussed. Finally, the conclusion on this membrane performance will
be described.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

2.1.1 Membrane

The membrane selected is an HybSi ceramic membrane supplied by Pervatech Netherlands
[8]. The membrane choice has been motivated by the ceramic membrane advantages de-
scribed in Section 1.5 and by the benefits of the HybSi membrane explained below. As it is
a commercial membrane, the supplier does not forward all the information, consequently

literature study has been done in order to know more about it.

1-Channel Hybrid Silica Membrane [7] is the membrane used. Here is these specifica-
tions: 250 x 10 mm (L x D), effective area 0,005 m?. This membrane is just used for testing

nowadays. The pore size lies between 0.3 and 0.5nm.

The substrate material is & — Al, O3 while the selective layer is not known! (the coating
is inside the tube) [8].

This membrane is a promising solution due to its high stability, indeed a pervaporation
test has been done during 3 years at 150°C [4].

This membrane has various properties as hydrophilicity, porosity (0.3-0.5 nm), high
temperature resistance (150°C) and can undergo a wide range of acidity (0.5 < pH < 8.5) [8].

The main advantages of the hydrophilic 2 Hybrid Silica membranes are quoted by
PERVATECH: "energy saving, azeotropic separation, decreasing usage of cooling water, en-
hanced product quality also through milder conditions, reduced formation of side products,
higher plant availability and chemical resistance especially for HybSi membrane and stable

up to high temperatures" [8].

IThe supplier does not tell the selective layer material for confidentiality reason.
2Hydrophillic means that the water content in the feed passes preferentially through the membrane.
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SecTION 2.1 — Materials

HybSi membranes can be used for different applications [7]:
* Breaking of azeotrope

* Dehydration of organics like Alcohols, A-protic solvents, DmAc, DMSO, DMEF, ethyl
acetate, NMP, Phenol, THF, AcN

* In situ dehydration of condensation reactions
* Dehydration of essential oils

* Separation of low molecular weight from higher molecular weight solvents (purifica-

tion)

Some researches also show this membrane application for regeneration of diethylene

glycol at Russian complex gas treatment plants [19] [29] .

1 2 3

— 1 pm

Figure 2.1: HybSi membrane [29].

Figure 2.1 shows the HybSi ceramic membrane for regeneration of diethylene gly-
col [29]. The different layers of the membrane can be observed. First of all the selective
layer has a thickness~200nm, for this layer the pore size is smaller than 1nm, the com-
position of this layer is unknown. Then the intermediate layer made of amorphous silica
of thickness~2000nm (the pore size~4nm). The third part of the membrane is the ceramic

support [29].

HybSi is an organic-inorganic hybrid material (with an inorganic base). Silicon atoms
are connected to oxygen atoms in order to make siloxane group (Si—O-Si). However silicon

is also connected to carbon atoms coming from the addition of (CH,), groups inside the
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membrane. As shown on Figure 2.2, different groups are formed in the membrane (Si—O-Si
inorganic and Si—(CH,;),,—Si organic) then organic fragments are sewed into the amorphous
silica spatial structure [29]. Some parameters are influenced by the inorganic part of the
membrane as hydrophilicity and mechanical strength. While membrane organic part gives
the hydrothermal stability and the increasing viscosity [29].

M (CHs0)Si __SI(0C:Hs)
Ho
Ho
E (CoH:0),Si C
e Si(06H)s

A
Ho Hy Hy Ho
O (Cszo)SSI\C/C\C/C\C/C\ PN

C Si(OC,H
Ho H, Hy Hy ( 2 5)3

B (Co H50)38i4©7 Si(OCzHs)3
BP (CszO)ssiSi(OCZH5)3

Figure 2.2: Possible bridging groups for HybSi membrane [14].

It is relevant stating that the important part is the selective layer, this is the major point
for selection and separation. Thus pervaporation through ceramic support and amorphous

silica intermediate layer (large pores) can generally be neglected [19].

2.1.2 Chemicals

Binary mixtures are used with different concentrations of MeOH and DMC. First exper-
iment was done with pure compound then with different concentrations (10-30-50-70-90
%mol of MeOH).
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2.1.3 Instruments

The devices are installed as shown on Figure 2.3. The pilot has several parts: a condenser
(bath of isopropanol at around -40°C), a temperature sensor and a pressure sensor for the
permeate side and for the feed side, a heater to heat up the mixture to the right temperature,
a pump for the vacuum applied on the permeate side, a pump in order to make the fluid
circulation, the membrane, the tank (maximum 1.5L and 16 bar maximum) and some pipes

and valves.

Figure 2.3: Pilot used for the experiments.

Gas chromatography

The gas chromatography used for the experiment is shown on Figure 2.4. This device analy-
ses the different samples in order to determine the components concentration for permeate
and feed side.
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Figure 2.4: Gas chromatography used for the experiments.

Remark

One point remains critical: Does all the vapour condense ? Does the vapour escape from the

condenser due to the vacuum ?

In order to confirm this point, a U-shaped glass has been connected in series after the

main glass where condensation must occur.

The conclusion of this experiment is that there is nothing in the U-shaped glass then
all the vapour phase in the permeate side were condensed as liquid phase. On the other
hand, the temperature applied in the condenser allow having condensation of MeOH and
MDC.
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2.2 Methods

2.2.1 Experimental method

Feed
f‘lﬁ
Heater
Tank
Retentate —
Permeate \7/

oy

@ : Tubular membrane
Pump

Condenser

Figure 2.5: Experimental device scheme.

Figure 2.5 shows the experimental scheme as illustrated also on Figure 2.3. It can be seen
that the membrane is tubular and its configuration is cross flow>. The permeate side is con-
nected to a pump in order to have vacuum at this side of the membrane and there is a

pump for the fluid circulation (not represented here). Table 2.1 exposes the experimental

conditions.
Property Experimental condition | Units
Permeate pressure 1 [mbar]
Condenser temperature -40 [°C]
Feed flow 100 5]
Feed pressure 1 [bar]
Experiment duration 4 [h]

Table 2.1: Experimental conditions.

The feed pressure varies with temperature. This variations (~0.4 bar) are not signifi-

cant thus the pressure is assumed to be equal to 1 bar.

3The flow is applied tangentially across the membrane surface
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Temperature (40-50-60°C) and MeOH mole fraction (0-10-30-50-70-90-100 %mol MeOH)

are the parameters analysed in this document.

2.2.2 Solution-Diffusion model

Theory

This model divides the component crossing through the membrane in few stages*. First
of all, components are transferred from retentate flow core to the membrane boundary by
convection or turbulence. The second step is the components sorption by membrane sur-
face. Thirdly the components diffuse through the membrane then the desorption into the
permeate side and the final step is the transfer towards the permeate flow (this step can
be neglected due to the vacuum applied on the permeate side) [19]. Those five steps are
illustrated on Figure 2.6. The steps 1 and 5 are not crucial and can be skiped for the next

analysis.
- P=1 atm P==] atm
A Membrane
Retentate Permeate
"] 2 3 | = ]
d 5 . (‘ & o
=] o o 3 o A
¢’ ‘ - il . i a ] -
C o S B i P
{ 4 3 -
i ; 3 — [*] . )5 _, F .
J @ ':I:' 5 D . 3
-J"';‘- Lt T
2 1 P, i Ca 3
0 o< |D o -
- ]
y a |~ < 3 il '] :
3 = o .
> 5 3 L { %
4 > ]
! 2 3 - £ J' "
Feed g
Flow core Near-wall region
|'II
-

Figure 2.6: Solution diffusion model [19].

4This model can be divided in 3 or 5 steps depending on the reference. The steps added are the transfer
from the feed stream to the boundary layer and the transfer from the layer boundary to the permeate flow.
These steps are not crucial for the model and can be skipped.
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Demonstration

This demonstration is inspired from: "Course about gas permeation and pervaporation” (Pa-
tricia Luis Alconero, 2017) [6].

LIQUID Dense membrane GAS

Pf.,feed

E Pi,in

- [ §
Cun ~

Pi,out

P, i,permeate

Ci,out

Pifqu.id > Pgas

Figure 2.7: Solution diffusion model scheme.

Only sorption-diffusion-desorption is considered.

Fick’s law is the foundation of this model:

D;

N; = E(Ci,in ~Ci out) l

mol,-l (2.1)

s-m?

where D; is the diffusion coefficient of component i, /5 is the membrane thickness, c; ;, and

Ci out are concentrations of the inside and outside of the membrane respectively.

The problem is that the concentration at membrane surface is not known and impos-

sible to record. Then Henry’s law is used:

C.
H;, = —= (2.2)
Pix

where H; , is the Henry coefficient (solubility coefficient) and x is the place (inside or outside

the membrane) and p; , is the partial pressure of the component i at the location x.
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The Henry coefficient of each side of the membrane is assumed to be equal:

H;in = H; oy = H;

Equation 2.1 becomes:
D.-H:
Ni = ——(Piin = Pi,our) (2.3)
M

Moreover, the partial pressure of the inside membrane is assumed to be at equilibrium
Pi,in = Pi,feed s for the outside of the membrane p; o4t = i permeate-
Equation 2.3 becomes:
D.-H.
N = #(pi,feed _pi,permeate) (2.4)

The driving force for pervaporation is defined as the partial pressure difference:

Driving fOTC@ = Pi,feed _pi,permeate[atm]

where p; feeq = xiyiPZ-O and p; permeate = ¥iP, using Raoult’s law.

Then a membrane performance coefficient can be defined from equation 2.4:

N; = coef ficient-Driving force (2.5)

The coefficient definition is: b D
Permeance = — = 1 (2.6)

Im  Iu

This coefficient will be used to evaluate membrane performance in the next section.

2.2.3 Membrane performance equation

The membrane will be analysed according to three aspects [17]:

* Membrane productivity is determined by the permeation flux J (equation 2.7) which
corresponds to the quantity of a component passing through the membrane. This
property is also defined by the permeability/permeance (those concepts are explained

later).
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* Membrane selectivity is expressed by the separation factor  (equation 2.13) or selec-
tivity a (equation 2.14) which both express the ability of the membrane to permeate

only one specific compound.

* Membrane stability is determined by the membrane ability to sustain permeability

and selectivity® under specific system conditions during an extended period of time.

As explained above, membrane performance evaluation is a major issue in pervapora-
tion technology. However an important point for this evaluation is considering the driving
force influence. The driving force for pervaporation is the component partial pressure dif-
ference between feed and permeate side. Therefore the analysis will be based on permeances
and selectivities instead of fluxes and separation factor. Indeed permeance and selectivity

are not influenced by the driving force® and are only membrane properties.

First of all, total flux will be computed and analysed using equation 2.7 then flux of
each component will also be computed using equation 2.8 and 2.9. This way, permeance can
be computed using equation 2.11. The temperature effect on permeance will be evaluated
using equation 2.12. The separation factor  and selectivity a will be studied using equation
2.13 and 2.14. Finally the separation will be analysed using McCabe and Thiele Diagram

(results must be taken with precaution due to the driving force effect).

First of all, the equation of permeate total flux is:

]=K[ 8 ] (2.7)

At | h-m?

where W is the weight of permeate condensed during time t and A is the effective membrane

surface area.

Then flux of component i can be computed from J:

L [ kg ] (2.8)

th h'm2

where m; and m; are the molecular weight of the component i and the mixture, y; is the

permeate molar fraction.

>Permeability and selectivity are membrane properties while flux and separation factor are also influenced
by the driving force of the experimental configuration.
®Therefore permeance and selectivity are not dependent on the experimental configuration.
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Molar flux for each component i j; can subsequently be computed as:

G 3
Ji =L-7i[ ~ l (2.9)

m; | h-m?

where vz-G is the molar volume of gas i, viG = 22.4% for standard temperature and pressure

condition, m; is the molecular weight of component i.

The driving force evaluation is very important in order to analyse the membrane per-
formance. This can be evaluated through partial pressure difference between feed and per-

meate side as in the following equation:

Driving force :xl-yl-PiO—yiPp[atm] (2.10)
The equation for permeance (which does not take into account the driving force) is:

Permeance = E = J = Ji (2.11)
- - . o - O M
I Driving force x;yiP —y;P,

where % is the permeance7, P; the permeability, / the membrane thickness, j; the molar flux
of i (equation 2.9), x; the molar fraction of MeOH in the feed side, y; the molar fraction of
MeOH in the permeate side, P, the permeate side pressure, y; is the activity coefficient of
component i (computed from aspen) and PiO vapor pressure (computed from aspen). The

results of Pi0 and y are exposed in the Appendices Section 5.1.

The influence of temperature on permeance can be assessed by equation below:

P. P 1000-E
L= 1% ex (——“) (2.12)
/ / R-T
where P’%’" is an exponential factor, E, the pervaporation activation energy, | the membrane
thickness, R the universal gas constant and T the temperature.
The separation factor can be evaluated through:
Yi
Yj
Bisj = % (2.13)
%
where x; and y; are molar fraction of feed and permeate side respectively.
"Different units are possible for permeance depending on conversion : I#Smh = %% or

3

1GPU =106 —-<n

cm?-s-cmHg
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The selectivity allows to analyse the separation performance of the membrane without
taking into account the driving force. This can be calculated by:

Selectivity = a;); = & =

P
= 2.14
2 (2.14)

~| 3|~

where % is the permeance of component i and P, its permeability.
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CHAPTER 3

RESULTS AND DISCUSSION

This chapter presents the membrane performance analysis through three main aspects. First
of all, the membrane productivity will be evaluated through flux and permeance. Secondly,
the membrane separation ability will be analysed through separation factor and selectivity
and this analysis will be confirmed by McCabe and Thiele diagram. Finally the membrane

performance stability will be discussed.

3.1 Flux

On Figures 5.5 to 5.9 in Appendices Section 5.3.1, the flux evolution over time in the exper-
iment is shown, it can be observed that there are some variations in the flux but it is nearly
at steady state. The graphs also show that raising temperature increases flux, this will be
detailled in the Section 3.1.2. The flux means for every concentration and temperature are
summarised in Table 3.1. It is important to notice that the flux is null for MeOH 0.9 and
pure MeOH.

Table 3.1: Results for the flux [hk%] of pervaporation experiments.

Temperature (°C)
MeOH
concentration 40 50 60
(%mol)
0 0.61885 | 0.76345 | 0.8605
10 0.10995 0.11 0.21585
30 0.04533 | 0.1823 | 0.3918
50 0.29695 | 0.3336 0.359
70 0.1693 | 0.25315 | 0.2621
90 0 0 0
100 0 0 0

30



SectiON 3.1 — Flux

3.1.1 Flux over concentration analysis

With the results shown on Table 3.1 for every experiments, an analysis of the feed concen-
tration effect on flux can be done. The results are shown on figure 3.1.

o P =
[= - Y -

d

= e

AE 5 e
=
w05 ed0°C
504 50°C
-

0.3 . 60°C

]

o SO == |
[

0 0,2 0.4 0,6 0,8 1

MeOH feed content {mol fraction)

Figure 3.1: Flux evolution over concentration for different temperatures.

From Figure 3.1, it is obvious that DMC permeates more easily than MeOH. In addi-
tion, overall trend shows that flux is inversely related to MeOH concentration.

Data at 10%mol and 30%mol MeoH are not meaningful. It should be due to the fact

that membrane performance results are not stable and steady as exposed in Section 3.7.

The permeation and the separation depend on the membrane selective layer. However
selective layer material is unknown as it is a commercial membrane. Therefore analysis on

the membrane can not be done to know why DMC passes through.
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3.1.2 Flux over temperature analysis

With the results shown on Table 3.1 for the different experiments, an analysis of the tem-
perature effect on flux can be done. The summary is shown on figure 3.2 and the results for

each concentration are shown on Figures 5.10 to 5.13 in Appendices Section 5.3.2.
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Figure 3.2: Flux evolution over temperature for different feed solutions (MeOH mole
fraction).

It can be observed that this flux evolution raises with temperature. Sections 3.1.3 and
3.1.4 show that the flux of each component increases with the temperature. Therefore the
total flux relation with temperature is coherent as the flux is the sum of each component

flux.
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3.1.3 Flux of MeOH
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Figure 3.3: MeOH flux evolution depending on MeOH feed content (MeOH mole frac-
tion) and temperature.

Figure 3.3 exhibits the methanol flux depending on temperature and concentration. As that
can be anticipated, the methanol flux increases with the methanol mole fraction. Further-
more it can be noticed that increasing temperature also raises the flux. Thgourgh the figures

3.4 to 3.6, an explanation of the link between flux and temperature will be given.
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Figure 3.4: Methanol driving force evolution according to temperature and MeOH feed
content (MeOH mole fraction).

In order to understand easily the following point, here is a reminder of the flux equa-

tion (using solution-diffusion model in Section 2.2.2):
P:
Ji = 7 (xiyiB = yiBy) (3.1)
Two observations can be done about Figure 3.4. On one side, methanol driving force
increases with the methanol concentration. Indeed this increase is justified by equation 2.10:
methanol driving force increases with x;. On the other hand, the driving force raises with

temperature. The vapour pressure Pyt.op INcreases more than activity coefficient decreases

with temperature as it is shown on Figure 3.5.
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Figure 3.5: y\.0n ¥ P]SIEOH depending on temperature for different feed solutions (MeOH
mole fraction).

The temperature evolution can be analysed using this equation: Flux = driving forcex
Permeance. The impact due to the temperature increase is lower for permeance than for
driving force. Indeed, as shown on Figures 5.14, the permeance declines by around 20% for
each increase of 10 °C. On the other hand, as shown on figure 3.4, the driving force increases
by around 50% for each increase of 10 °C. That’s why the flux will increase with by around

30% temperature and the cause of flux raising is the driving force.

The evolution of driving force with temperatures can be understood as follow. The
feed concentration x; is constant. temperature does not have a significant influence on the
permeate concentration y; as shown on Figure 3.15. Therefore the temperature influence on

flux is mainly due to the activity coefficient y; and vapour pressure P’.

yi x P? is shown on Figure 3.5. This figure can explain the flux increase with tem-
perature. Indeed y; x P raises with temperature then driving force and flux increase with

temperature.
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Figure 3.6: Theoretical values: y,.on 'PJSIeOH'xMeOH depending on temperature and
MeOH feed content (MeOH mole fraction) (lines). Experimental values: methanol driv-
ing force depending on temperature and on feed content (points).

In conclusion the temperature influences significantly the methanol flux due to the
driving force especially x; yiPiO part.

Driving force is not only membrane dependant. The parameters influenced by the driv-

ing force as flux are consequently not exclusively dependant on the membrane. In order to

Flux
ing force

an intrinsic membrane performance parameter will be computed in a next section.

avoid driving effect, permeance is used as it equals 5 . Hence permeance which is
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3.1.4 Flux of DMC
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Figure 3.7: DMC flux evolution depending on MeOH feed content (MeOH mole fraction)
and temperature.

The same analysis as for the methanol flux (Section 3.1.3) can be done. The increase of flux

with temperature can also be ascribed to the evolution of driving force with temperature.

The opposite trend of methanol is displayed on Figure 3.7. Indeed increasing methanol
content reduces the DMC flux. This can be explained by flux equation 3.1: x; decreases then
the DMC driving force decreases as DMC flux.

The results for 10%mol MeOH are not significant. It could be allocated to the lack of

membrane performance stability as exposed in Section 3.7.
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3.2 Permeance

The permeance indicates which component permeates through the membrane without tak-
ing into account the driving force.

3.2.1 Methanol permeance

Figure 3.8 displays the increasing of methanol permeance with the feed methanol content.

To conclude the membrane permeates methanol from a threshold and the permeation
increases with methanol concentration. However pure methanol does not permeate. Two
factors can explain the methanol permeance trend:

* The membrane stability can be an explanation as every results are uncertain.

* This phenomena can be understood by the coupling effect. Methanol permeation de-

pends on DMC permeation. Indeed the affinity of MeOH is apparently linked with the

DMC presence.
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Figure 3.8: MeOH permeance evolution depending on temperature and MeOH feed con-
tent (MeOH mole fraction).
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3.2.2 DMC permeance

First of all, it can be observed on Figure 3.8 and 3.9 that DMC permeance is bigger compared
to MeOH permeance. As said before, the selective layer is unknown so an explication to

understand why DMC permeates more than MeOH can not be given.

Thereafter permeance decreases logically with the feed MeOH content. Indeed, DMC
permeation decreases with the DMC feed mole fraction decreases. Once more, the results
for 30%mol MeOH can be discarded due to the lack of performance stability as explained
in Section 3.7.
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Figure 3.9: DMC permeance evolution depending on temperature and MeOH mole frac-
tion (MeOH mole fraction).
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3.2.3 Evolution with temperature
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Figure 3.10: Permeance evolution of DMC and MeOH depending on temperature and
MeOH feed content (MeOH mole fraction).

Global trend shows that permeance decreases with temperature for MeOH and DMC. The
Section 3.2.4 will reveal the origin of this reduction.

3.2.4 Activation energy E,
The permeance can be analysed by the pervaporation activation energy E,. Equation 2.12

can be modified in order to compute activation energy E:

1 P 1000-E,
I I RT

A plot of ln% over 112# is needed to have the slope which is equal to —E, and the

. o P
y-intercept which is equal to In —=.

The figures below will help computing this two factors.
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(MeOH mole fraction).
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Figure 3.12: lnPD% over % in order to compute E, pyc for different feed solutions
(MeOH mole fraction).

EPL2990 41



CHAPTER 3 — Results and discussion

The data given on Table 3.2 are computed from Figures 3.11 and 3.12.

Table 3.2: Activation energy E, calculation.

DMC MeOH
Feed content E, P’T"" E, PZT""
[%mol MeOH] ;5| [erul| [L]  IGrul

10 -7.6456 3.5170
35 -26.659 0.0073 | -19.448 0.0267
55 -2.8538 47.532 | -15.25 0.1943
75 -7.5761 7.8428 | -53.557 ~0
AVERAGE -11.1836 14.725 | -29.4183 0.0737
Modified average | -6.025 19.351 | -17.349 0.1105

First of all, all the pervaporation activation energy is negative. In Appendices Section
5.3.3, the figure 5.14 presents permeance evolution using the modified mean activation en-
ergy. The modified average has been taken in order to skip meaningless data. The trend of
the curve generally matches with the data trend. The curve is a bit higher compared with
the data. Indeed the mean of the pre-exponential factor has a significant influence on the

location of the curve.
The E, negative values can be discussed from the equation below:
E,=Ep;+AH; (3.2)
where Ep ; is the activation energy for diffusion (generally positive) and AH; is the sorption
enthalpy (usually negative for exothermic sorption process ) [26].

The activation energy is negative. Consequently sorption enthalpy absolute value is

higher than Ep ; absolute value.

Using equation 2.12, it is obvious that negative E, indicates a permeance depletion
with temperature.

This has demonstrated that the permeance decreases with temperature (as exposed in
Section 3.2.3).

On the other hand, Table 3.2 suggests that E, is bigger (absolute value) for MeOh than

DMC. Thus methanol permeation is more impacted by the temperature variation.

EPL2990 42



SectioN 3.3 — Permeability

3.3 Permeability

The permeability can’t be calculated accurately. Indeed, the membrane thickness is not given
and hard to obtain. The selective layer thickness can be assumed to be the membrane thick-
ness as the separation occurs in this layer. The selective layer thickness is around 200 nm
[29].

3.4 Separation factor f$ pmc
MeOH

This factor expresses the membrane ability to permeate only one of the two components.
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Figure 3.13: Separation factor ﬁff%% depending on temperature and MeOH feed content
(MeOH mole fraction).

The value approximately equals to 1 generally!. This results is not successful. Indeed
it means that separation is not well done. No general trend can be determined for the tem-

perature evolution.

1The value of 10% MeOH feed content is not taken into account as the membrane performance stability is
very low.
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3.5 Selectivity a puc
MeOH

The value generally? lay between 1 and 5 . The selectivity @ pmc > 1 then DMC permeates

more then MeOH. However «a Dy is not very high so the separation is not optimal. No

general trend can be determined for the temperature evolution.
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Figure 3.14: Selectivity a puc depending on temperature and MeOH feed content(MeOH
mole fraction).

3.6 Mac Cabe and Thiele diagram

This section must be analysed carefully. The next paragraphs compare separation through

pervaporation and distillation.

On one hand, the distillation is evaluated by the VLE curve3. This curve is obtained
by Aspen (at 1 bar), it is detailed in Appendices Section 5.1.3. The VLE curve shows the
vapour and liquid equilibrium which takes place in the distillation column. An example of
distillation column using this curve is shown in Appendices Section 5.2. Basically, liquid

composition can be understood as feed and vapour composition as the output.

2The value of 10% MeOH feed content is not taken into account as the membrane performance stability is
very low.
3This VLE curve does not look like the curve in Section 1.3 because here it is in mass fraction.
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On the other hand, the pervaporation is analysed by the output composition depend-
ing on feed content.

3.6.1 Comparison with distillation

The VLE curve corresponds to the distillation performance. As shown in Section 1.3, distil-
lation is not an optimal solution. The separation through pervaporation using HybSi mem-
brane is also not efficient. Indeed the results show that separation does not occur. The tem-

perature does not influence significantly the separation as shown on Figure 3.15.

For high concentrated DMC mixture, the permeate is only made of DMC. It is not very
pertinant because the permeate flux is low then only small quantity of pure DMC can be

obtained and the rest of the retentate will remain a binary mixture.
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Figure 3.15: McCabe and Thiele diagram gives permeate mole fraction depending on feed
mass fraction of MeOH (MeOH mass fraction).

It can be concluded that the pervaporation using HybSi membrane is not a good sepa-
ration technique.
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3.6.2 Comparison with other membranes

Figure 3.16 indicates the differences between several membranes for DMC-MeOH separa-

tion.
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Figure 3.16: McCabe and Thiele diagram gives permeate mole fraction depending on feed
mass fraction of MeOH (MeOH mass fraction) for several membranes. Orange line is a
PDMS membrane [36], grey line is chitosan membrane [39], yellow line is crosslinked
chitosan membrane [40] and Nafion® is in blue [20].

Figure 3.16 highlights two relevant facts.
First of all, the HybSi membrane is not performant compared to other ones.

Secondly, Chitosan membranes (crosslinked or not) are the most interesting subject to
explore, the separation is the best through this membrane. The major application can be
MeOH removal from DMC. Indeed, for low concentration of methanol in the feed, the per-
meate is mainly made of methanol which can lead to DMC purification at the feed/permeate

side.
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3.7 Membrane performance stability

Some experiments have been done a second time (MeOH 0%mol and MeOH 30%mol) but

flux was very low/null.

Then the membrane has been cleaned with ethanol and new experiments with MeOH
0%mol and MeOH 50%mol have been done, the flux was still null.

Finally the membrane has been immersed in DMC during 72 hours. Pervaporation
experiments (MeOH 0%mol and MeOH 30%mol) have been done again however the flux

was still null. The reproducibility results are shown on Table 3.3

Composition | Temperature | Flux
Membrane 3
[%mol ]MeOH [°C] [55]
Membrane used 30 40 0.0736
30 50 0.077
30 60 0.1112
0 40-60 0
M 1 d
embrane cleane 0 40-60 0
with ethanol
50 40-60 0
Memb i d
embrane immerse 0 40-60 0
in DMC
30 40-60 0

Table 3.3: Reproducibility of the experiments.

The membrane performances can not be repeated. These results exhibit a relevant

problem of the membrane which will be discussed in Section 3.8.

Only the results of experiments from Table 3.1 have been taken into account for the

previous computations.

3.8 General results discussion

As explained previously, the membrane performance results indicate low membrane effi-
ciency. This section will compare this study results to others found in literature. Table 3.4

picks up the results obtained during laboratory experiments.
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3.8.1 Results analysis

Conditions Results
Feed composition | Temperature | Flux | Separation factor
[Y%owt MeOH] [°C] [%] [)’Alg%%
34.6 40.3 0.1693 0.84
28.3 50.325 0.3336 1.2886
27.2 60.3 0.359 0.8526
49.4 50.2 0.25315 1.004
56.2 60.1 0.2621 1.722

Table 3.4: Summary of membrane performance results.

Comparison with other HybSi membrane applications

HybSi membrane is mainly used for dehydration as mentioned on Table 1.3 in Section 1.6
[19][29] [27]. This table shows the dehydration performance results. The separation factors
obtained in these studies are very high (120-10000). The flux lies between 0 to 10 [%] To
sum up, this membrane can be used for industrial dehydration as this application results

are pertinent.

HybSi membrane has also been used for ammonia removal from water [41]. However

the results of flux and separation factor are less performing compared to dehydration one.

Comparison with other membranes used for MeOH-DMC separation

Three membrane types have been quoted in the Section 1.4.2: PDMS [42] [36], Chitosan [10]
[40] [39] [9] and Nafion [20]. Their performance results are illustrated on Table 1.2. The
separation factor of these three membranes is always higher than then separation factor for

HybSi membrane. The flux for low temperature (35-50 °C) is generally less then 1 [hkfﬂl for

every membranes.

Intermediate conclusion

In conclusion, HybSi membrane is apparently high-performance for dehydration. Studies

have shown that MeOH-DMC separation by pervaporation is possible.
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To conclude about this present document, HybSi membrane attests low flux through
the membrane which seems normal by comparison with other articles results. The separa-
tion is not very efficient compared to other studies as mentioned in the last two sections. To

sum up, the HybSi membrane does not allow separating efficiently DMC and MeOH.

3.8.2 Membrane stability

As reported in Section 3.7, the membrane performances are not stable. Due to this instability
the results computed above can not be used as a reference because experiments results are

not reproducible.
Different possible phenomena can explain the flux decrease.

First of all, there is no link to the membrane itself, a pervaporation test has been done
during three years without any damages to the membrane. This experiment recorded the
water and n-butanol separation at 150°C. Attention must be paid, this test has been done

by gas permeation but it only shows the membrane structure stability [35].

Silica membranes have already been used with MeOH without any problems. The ex-
perimental conditions are: 30-80 °C, 5-22% water in MeOH [11]. Then the MeOH interac-

tion with the membrane can not be a reason of the flux instability.

The explanation could be that the membrane undergoes a modification or is not suit-

able for pervaporation. Three possibilities are quoted below:
1. Contamination:

The membrane supplier gave this explanation. However after membrane cleaning and
despite the high purity of feed mixture the flux is still null. Consequently this expla-

nation has not been proven.
2. Membrane application:

The membrane supplier announced that the membrane can be used both for pervapo-
ration and vapour permeation. The results obtained in this document show that per-
vaporation for DMC-MeOH separation using HybSi membrane is not successful. This
membrane could be not appropriate for pervaporation but only for gas permeation.
Gas permeation is a totally different process. Indeed the feed is at vapour phase conse-
quently there is no phase transformation through the membrane. While this could be
a reason, some articles prove that pervaporation wokrs using HybSi membrane with
other components than DMC and MeOH [19], [29], [27] and [41].
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3. DMC-membrane interaction:

The supplier does not give information about the selective layer composition. It could
be possible that DMC reacts with this material. The membrane may have changed

which results in preventing components to pass through.

As a conclusion more tests with the membrane are required the reasons why the mem-
brane is not stable. For example, a test with water to verify it it permeates through the
membrane (water permeation through HybSi membrane is proven in several articles). In
case of permeate flux, it is then proved that this membrane is not suitable for DMC-MeOH

separation through pervaporation.

A test at higher temperature* can be planned to record permeation. In case of flux, it

is then proved that vapour permeation should be preferred for this membrane.

The last experiment which could be done with this membrane is a SEM® to verify if
the membrane undergoes modifications. This way, contamination or results of any reaction
could be detected. As the membrane being very expensive, this test which requires to break

it has not been done.

41t could not be recorded as gas permeation. Indeed, the set up does not allow vapour permeation. The
installation can not ensure that only vapour is inside and liquid is not authorised for vapour permeation.
>Scanning electron microscope.
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CoONCLUSION

The goal of this study is to analyse the DMC-MeOH separation efficiency by pervaporation

using HybSi membrane.

The total flux obtained lies between 0 and 0.86 [hk%] The flux of the membrane is
low but it is not its major limitation. Its main drawback is the low separation efficiency
expressed by separation factor which is between 0.85 and 1.74. It demonstrates that the
membrane does not separate DMC and methanol. This lack of separation has also been
illustrated through McCabe and Thiele diagram. The permeate concentration is nearly the

same as the feed one.

On one hand, the membrane performance results are influenced by temperature. First
the flux is increased by the temperature. This is mainly caused by the driving force evolu-
tion. Secondly temperature evolution reduces permeance. This is explained by the negative

pervaporation activation energy of the membrane.

On the other hand, molar concentration evolution has also an impact on the perfor-
mance. It has been shown that increasing one component mole fraction enhances its perme-
ance and flux. This analysis reveals a coupling effect between methanol and DMC. Indeed,

the methanol affinity with the membrane increases with the DMC mole fraction evolution.

Two major drawbacks about this membrane application has been reported in this doc-
ument. First of all the separation is not successful. Secondly, as the data are not reproducible,
it can be concluded that the membrane is not chemically stable for these components and
the results obtained previously can not be generalised. To sum up, this membrane is not

suitable for the separation of DMC and MeOH by pervaporation.

To go further in the understanding why the membrane is not stable, several assump-
tions have been made. The membrane could be inappropriate to pervaporation. The mem-
brane structure may have been modified through contamination or a reaction with the mix-
ture. Several other experiments as water pervaporation, high temperature test or structure

analysis by SEM could be performed to verify one of the assumptions.
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CHAPTER 5

APPENDICES

5.1 Aspen computations

This section illustrates the activity coefficient y and the vapour pressure Pl.O of the two com-
ponents computed by Aspen using UNIFAC method. It also shows the method used for VLE

curve computation in Aspen.

5.1.1 Activity coefficient y

The activity coefficient is detailed in Table 5.2 and Figures 5.1 to 5.3.

The gamma coefficient is estimated by an equation ax® + bx? + cw + d where x is the

methanol mole fraction. This equation is found using trend curve of the results obtained in

Aspen.
Temperature a b c d
[°C]
MeOH
40 -0.3782 | 1.6337 | -2.2205 | 1.961
50 -0.3028 | 1.4365 | -2.0387 | 1.9017
60 -0.2389 | 1.2652 | -1.877 | 1.8479
DMC
40 1.3458 | -0.4253 | 0.2522 | 0.9877
50 1.2578 | -0.3781 | 0.2316 | 0.9887
60 1.1798 | -0.3385 | 0.2137 | 0.9896

Table 5.1: Gamma equation through the curve (ax® + bx? + cw + d) where x is the MeOH
mole fraction. The table illustrates the temperature influence as presented on Figures
5.1 to 5.3.
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Figure 5.1: Evolution of the activity coefficient y depending on MeOH mole fraction at
40°C.
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Figure 5.2: Evolution of the activity coefficient y depending on MeOH mole fraction at
50°C.
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Figure 5.3: Evolution of the activity coefficient y depending on MeOH mole fraction at
60°C.

Table 5.2: Evolution of the activity coefficient depending on the temperature and

methanol mole fraction.

40°C 50°C 60°C
MeOH Liquid Liquid Liquid Liquid Liquid Liquid
mole fraction | ¥y MeOH | y DMC Y MeOH | y DMC Yy MeOH | y DMC
0 1,965387 1 1,905301 1 1,850853 1

0,025 1,908597 1,000372 | 1,853365 1,00035 | 1,80319 1,000331
0,05 1,854377 1,001496 | 1,803647 1,001411 | 1,75745 1,001333
0,075 1,802612 1,003389 | 1,756057 1,003199 | 1,713563 1,003024

0,1 1,753194 1,006068 | 1,71051 1,005731 | 1,67146 1,00542
0,125 1,706021 1,009553 | 1,666924 1,009027 | 1,631078 1,008542
0,15 1,660996 1,013867 | 1,625223 1,013112 | 1,592356 1,012413
0,175 1,618028 1,019037 | 1,585335 1,018009 | 1,555235 1,017058

0,2 1,577032 1,025091 | 1,54719 1,023747 | 1,519662 1,022505
0,225 1,537927 1,032061 | 1,510725 1,030358 | 1,485584 1,028782
0,25 1,500637 1,039982 | 1,475877 1,037876 | 1,452952 1,035925
0,275 1,465091 1,048895 | 1,44259 1,046339 | 1,421719 1,04397

0,3 1,431222 1,058842 | 1,410808 1,055788 | 1,391842 1,052956
0,325 1,398966 1,069871 | 1,38048 1,06627 | 1,36328 1,062928
0,35 1,368264 1,082035 | 1,351559 1,077834 | 1,335993 1,073934
0,375 1,339062 1,095392 1,324 1,090536 | 1,309945 1,086027

0,4 1,311307 1,110005 | 1,29776 1,104436 | 1,285101 1,099264
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40°C 50°C 60°C
MeOH Liquid Liquid Liquid Liquid Liquid Liquid

mole fraction | ¥y MeOH | y DMC Y MeOH | y DMC Y MeOH | y DMC
0,425 1,284952 1,125943 1,2728 1,1196 1,261431 1,113708
0,45 1,259952 1,143283 | 1,249083 1,136101 | 1,238904 1,129429

0,475 1,236264 1,162109 | 1,226577 1,154018 | 1,217494 1,1465
0,5 1,213852 1,182512 | 1,205248 1,173437 | 1,197174 1,165005
0,525 1,192679 1,204593 | 1,185069 1,194454 | 1,177922 1,185033
0,55 1,172714 1,228462 | 1,166014 1,217172 | 1,159717 1,206682
0,575 1,153926 1,25424 | 1,148059 1,241704 | 1,14254 1,230058

0,6 1,136291 1,282058 | 1,131182 1,268174 | 1,126375 1,25528
0,625 1,119783 1,312062 | 1,115366 1,29672 | 1,111207 1,282474
0,65 1,104383 1,344411 | 1,100593 1,327488 | 1,097024 1,311779
0,675 1,090073 1,379278 | 1,08685 1,360641 | 1,083815 1,343349
0,7 1,076837 1,416854 | 1,074126 1,396357 | 1,071573 1,377348
0,725 1,064664 1,457348 | 1,062412 1,43483 | 1,060291 1,413959
0,75 1,053543 1,500988 | 1,051701 1,476271 | 1,049966 1,453377
0,775 1,043468 1,548022 | 1,041989 1,52091 | 1,040597 1,495817
0,8 1,034434 1,598724 | 1,033274 1,569 1,032183 1,541512
0,825 1,02644 1,653389 | 1,025557 1,620812 | 1,024727 1,590712
0,85 1,019488 1,712341 | 1,018842 1,676642 | 1,018235 1,643691
0,875 1,01358 1,775929 | 1,013132 1,736807 | 1,012713 1,70074
0,9 1,008723 1,844528 | 1,008437 1,801651 | 1,008169 1,762172
0,925 1,004926 1,918544 | 1,004764 1,871538 | 1,004614 1,828316
0,95 1,002198 1,998407 | 1,002126 1,946852 | 1,002059 1,899521
0,975 1,000552 2,08457 | 1,000534 2,027997 | 1,000517 1,976145
1 1 2,177503 1 2,115384 1 2,058555

EPL2990 59




CHAPTER 5 — Appendices

5.1.2 Vapour pressure P’

The vapour pressure is detailed in Table 5.3.

Temperature P]\greOH PBMC P]SI@OH PBMC
[°C] [atm] [atm ] [psia] [psia]
40 0,3489947 | 0,1489374 | 5,128808234 | 2,188776401
50 0,5480075 | 0,229978 | 8,053490149 | 3,379744907
60 0,8342594 | 0,3445436 | 12,26023341 | 5,063395097

Table 5.3: Evolution of the vapour pressure P’ depending on the temperature.

5.1.3 Vapour liquid equilibrium curve

The method used in Aspen is NRTL with some variations in binary interaction coefficient

shown on Table 5.4. These coefficients are coming from experimental data references [23].

Binary system Apn Apm by bym Ay
DMC-MeOH | -1.7369 -0.8990 903.2140 442.4486 0.3

Table 5.4: Binary interaction coefficients for the NRTL method [23].

5.2 Distillation column example

This example is only theoretical and illustrates the use of VLE curve.
The feed content xr equals to 0.3.

Using three stages in the distillation curve, distillate composition yp ~ 0.76 and the

bottom composition xg ~ 0.07.

The separation effectively occurs. Using numerous stages nearly pure component can
be produced in the bottom. However the distillate part is not optimal as the azeotropic mix-
ture is the maximum possible distillate composition (red line). Even using infinite number

of stages, the distillate composition will equal the azeotropic composition.
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Figure 5.4: Example : usage VLE curve to analyse distillation.

This example shows the distillation limits for azeotropic mixture separation.

5.3 Figures

5.3.1 Flux evolution over time
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Figure 5.5: Flux evolution over time for so- Figure 5.6: Flux evolution over time for so-
lution of pure DMC. lution of DMC(0.9) and MeOH(0.1).
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Figure 5.7: Flux evolution over time for so- Figure 5.9: Flux evolution over time for so-

lution of DMC(0.7) and MeOH(0.3). lution of DMC(0.3) and MeOH(0.7).
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Figure 5.8: Flux evolution over time for so-
lution of DMC(0.5) and MeOH(0.5).

5.3.2 Flux evolution over temperature
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Figure 5.10: Flux evolution over tempera- Figure 5.11: Flux evolution over tem-
ture for solution of pure DMC. perature for solution of DMC(0.9) and

MeOH(0.1).
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Figure 5.12: Flux evolution over tem- Figure 5.13: Flux evolution over tem-
perature for solution of DMC(0.5) and perature for solution of DMC(0.3) and
MeOH(0.5). MeOH(0.7).

5.3.3 Evolution of permeance through activation energy

Figure 5.14 shows the evolution of temperature using equation 2.12 including activation
energy and pre-exponential factor found in section 3.2.4.
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Figure 5.14: Evolution of the permeance depending on the activation energy. Dotted lines
are the evaluation using E,. Points are the experiments data depending on feed content
(MeOH mass fraction).
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