G Lt
) University

PERVAPORATION FOR WATER REMOVAL FROM INDUSTRIAL ORGANIC
SOLVENTS

Lappeenranta—Lahti University of Technology LUT
Master’s programme in Chemical Engineering for Energy Transition
Master's thesis
2025
Senni Kérkkéinen
Examiners: Professor Mika Manttéri
Ville Nieminen, D.Sc. (Tech.)

Supervisor: Timo Suominen



ABSTRACT
Lappeenranta—Lahti University of Technology LUT
LUT School of Engineering Science

Chemical Engineering

Senni Kérkkéinen

Pervaporation for water removal from industrial organic solvents

Master’s thesis

2025

72 pages, 28 figures, 10 tables and 2 appendices

Examiners: Professor Mika Ménttiri and Ville Nieminen, D.Sc. (Tech.)

Supervisor: Timo Suominen

Keywords: membrane separation, pervaporation, hydrophilic membranes, organic solvents,
sustainable process technology

The recovery and reuse of organic solvents in process industry applications is important from
both economic and environmental perspectives. However, complete purification of solvents
is challenging and energy-intensive, particularly if azeotropes are formed. Azeotropic mix-
tures cannot be separated by conventional distillation without the use of special techniques
involving entrainers, such as azeotropic distillation. Alternatively, pervaporation based on
highly selective membranes offers an energy-efficient and more environmentally sustainable
solution for solvent separation.

The literature part of this thesis focuses on the working principles of pervaporation and com-
pares it with azeotropic distillation. Furthermore, different hydrophilic membranes used par-
ticularly for the separation of alcohol and water are viewed in terms of their performance,
recent developments, and market availability.

The experimental part of this thesis investigated the suitability of pervaporation for separat-
ing 1-propanol and water in Raisio Nutrition’s solvent purification process. Pervatech’s Hy-
bSi® AR membrane was selected for testing, and laboratory experiments were conducted at
temperatures of 100 °C and 130 °C. The water contents in 1-propanol achieved were 0.23
wt.% and 0.06 wt.%, respectively. Based on the experimental data, a continuous industrial-
scale process was modelled. Compared to azeotropic distillation, pervaporation does not re-
quire an entrainer, offers significant energy savings, and reduces solvent losses. These find-
ings suggest that pervaporation is a promising alternative for 1-propanol and water separa-
tion and could support more sustainable process development at Raisio Nutrition.
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Orgaanisten liuottimien talteenotto ja uudelleenkdyttd prosessiteollisuudessa on seké talou-
dellisesti ettd ympériston kannalta merkittdvan tarkedd. Liuottimien tdydellinen puhdistami-
nen on kuitenkin haastavaa ja energiaintensiivistd, erityisesti atseotrooppien mahdollisen
muodostumisen vuoksi. Atseotrooppisia seoksia ei voida erottaa perinteiselld tislauksella il-
man vililiuottimia hyddyntévid erityismenetelmid, kuten atseotrooppista tislausta. Vaihto-
ehtoisesti erittdin selektiivisiin kalvoihin perustuva pervaporaatio tarjoaa energiatehokkaan
ja ympdriston kannalta kestivimmaén ratkaisun liuottimien erotukseen.

Tadmin diplomityon kirjallisuusosuudessa tarkastellaan pervaporaation toimintaperiaatetta ja
verrataan sitd atseotrooppiseen tislaukseen. Liséksi perehdytdédn erilaisiin hydrofiilisiin kal-
voihin, joita on sovellettu erityisesti alkoholin ja veden erotukseen. Néiden kalvojen suori-
tuskykyd, viimeaikaista kehitysti sekd markkinatilannetta tarkastellaan vertailevasti.

Kokeellisessa osuudessa tutkittiin pervaporaation soveltuvuutta 1-propanolin ja veden ero-
tukseen Ravintoraision liuotinpuhdistusprosessissa. Testaukseen wvalittiin Pervatechin
HybSi® AR-kalvo, jolla suoritettiin laboratoriokokeita 1dmpétiloissa 100 °C ja 130 °C. Ko-
keissa saavutettiin 1-propanolin vesipitoisuudet 0,23 m-% ja 0,06 m-%. Saatujen tulosten
perusteella voitiin mallintaa jatkuvatoimista teollisen mittakaavan prosessia. Verrattuna at-
seotrooppiseen tislaukseen pervaporaatio ei edellyté vililiuotinta, osoittaa merkittivié ener-
giansddstopotentiaalia sekd vdhentdd liuotinhdvioitid. Tulokset viittaavat sithen, ettd perva-
poraatio on potentiaalinen vaihtoehto 1-propanolin ja veden erotukseen seki kestdvin pro-
sessikehityksen edistdmiseen Ravintoraision tuotannossa.
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SYMBOLS AND ABBREVIATIONS

Roman characters

a model coefficient

A membrane area

b model coefficient

c model coefficient

Cp specific heat capacity

d model coefficient

J flux

) membrane thickness

m mass of permeate

m feed flowrate

P; permeability of i

Pl-f partial pressure of i on feed side
Pl-p partial pressure of i on permeate side
0 thermal energy

s solvent

t time

T temperature

w water

Xi mass fraction of 7 in feed

Y mass fraction of i in permeate

[kl/kg K]

[kg/m?-h]

[m]

[kg]

[kg/h]
[kg/(m-h-bar)]
[bar]

[bar]

[kJ/h]

[h]

[K], [°C]



Greek characters

o separation factor [-]
AHyqp enthalpy of vaporization [kJ/kg]
Abbreviations

1-PrOH 1-propanol

2,2-DMP 2,2-dimethoxypropane

A-type type A zeolite structure

CHA chabazite zeolite structure

COF covalent-organic framework

MMM mixed-matrix membrane

MSS membrane separation system

MOF metal-organic framework

PAN polyacrylonitrile

PSI pervaporation separation index

PUI poly(urethane-imide)

PV pervaporation

PVA polyvinyl alcohol

T-type type T zeolite structure

VLE vapor-liquid equilibrium

VOC volatile organic compound
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1 Introduction

Organic solvents such as alcohols play a crucial role in chemical manufacturing and process
industry. Recovering and reusing these solvents is often the most economically and environ-
mentally sustainable strategy for managing solvent waste. (Vane, 2019) However, conven-
tional separation and purification methods such as distillation and evaporation are highly
energy-intensive. In fact, separation and purification processes account for roughly half of
the total energy consumption in the chemical industry, with distillation alone being respon-
sible for approximately 80 % of it. Therefore, development of alternative separation tech-

nologies with significantly lower energy requirements is needed. (Sholl & Lively, 2016)

In addition to being energy-intensive, achieving the required purity levels for solvent reuse
may be technically challenging due to the formation of azeotropes. Especially alcohols read-
ily form azeotropic mixtures with water. Consequently, obtaining absolute alcohol from
aqueous solutions through simple distillation processes may not be achievable. (Wang, J. et
al., 2023) Breaking these azeotropes typically requires more complex methods such as aze-
otropic or extractive distillation, which utilize additional entrainers. This further increases

energy consumption and process complexity. (Cortel et al., 2024)

Given these challenges, industries and companies are under pressure to explore alternative
separation methods that will reduce their energy consumption and CO: emissions. This has
led to membrane technologies and hybrid systems being considered as potential solutions.
(Khan et al., 2025). Membrane separation is an innovative technology that utilizes a thin,
semi-permeable membrane to selectively allow certain molecules to pass through it while
restricting others (Mulder, 2012). Compared to distillation, membrane processes offer sev-
eral advantages, including lower energy consumption, no need for additional entrainers,
greater economic efficiency and reduced environmental impact. Additionally, they are gen-

erally safer to operate due to milder process conditions. (Teleman et al., 2022)

Among membrane-based techniques, pervaporation is especially effective for breaking aze-
otropes in non-ideal liquid mixtures (Toth, 2022). It has demonstrated excellent separation
performance and is currently the most widely applied membrane method in solvent dehy-
dration (Liu, S. et al., 2022). Although pervaporation consumes more energy than some other

membrane-based methods due to the partial vaporization of the feed, it still requires
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significantly less energy than distillation. Whether as a standalone process or combined with
distillation, pervaporation may offer an economical and sustainable alternative to conven-
tional separation processes. (Teleman et al., 2022) In the coming years, demand for pervapo-
ration membranes is projected to rise significantly, mainly as a result of growing solvent

recovery needs. (Khan et al., 2025).

This thesis was carried out for Raisio Nutrition Ltd., with the aim of identifying a suitable
membrane-based solution for the dehydration of 1-propanol. While several studies address
the separation of propanol-water mixtures via pervaporation or hybrid pervaporation/distil-
lation systems, the majority focus on 2-propanol. In contrast, the dehydration of 1-propanol
has received far less attention in literature. After evaluating potential suppliers for suitable
pervaporation membranes and technology, Pervatech’s organic-inorganic Hybsi® AR mem-

brane was chosen to be experimented, with promising results.

1.1 Background and objective

The purification process for 1-propanol, which is used as a solvent at Raisio Nutrition, em-
ploys azeotropic distillation and utilizes a volatile organic compound (VOC) as an entrainer
to enable water removal. The purpose of this study was to examine the potential of intensi-
fying the distillation process by integrating it with pervaporation to achieve dehydration of
1-propanol without the need for an entrainer. The proposed process modification aims to
reduce process complexity and energy consumption, thereby enhancing the environmental
sustainability of the process. Based on these objectives, the following research questions

were formulated:
e What types of membranes are suitable for the dehydration of 1-propanol?

e What separation performance (e.g. water flux and selectivity) does the selected mem-

brane demonstrate in this case of dehydration of 1-propanol via pervaporation?

e [s the tested membrane a viable alternative to azeotropic distillation in terms of en-

ergy use and process feasibility in industrial scale?
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1.2 Thesis structure

This thesis is divided into two main sections: a literature review and an applied part. The
literature review outlines the principles of membrane separation and pervaporation compar-
ing it to distillation. It also examines hydrophilic pervaporation membranes used for the de-
hydration of organic solvents, with a particular focus on alcohols. In addition, it covers com-
mercially available hydrophilic pervaporation membranes and discusses future develop-

ments in pervaporation membranes.

The applied part is carried out in collaboration with Pervatech (Pervatech B.V., 2025). It
focuses on the separation of 1-propanol and water using pervaporation. It describes the ex-
perimental setup, methods used to evaluate membrane performance and obtained results.
The laboratory-scale results are used to model an industrial scale system. Finally, the energy
consumption of the suggested system is analyzed, and the environmental impact is assessed
with a discussion of the feasibility of implementing this process modification at Raisio Nu-

trition.

Artificial intelligence (ChatGPT) has been used in this work to correct grammar. Al assis-

tance has been applied occasionally throughout the entire thesis.

LITERATURE REVIEW

2 Methods for dehydration of organic solvents

Organic solvents are carbon-based compounds for example alcohols, esters or ketones, pri-
marily characterized by their volatility, boiling point, molecular weight and color. They have
an important role in various chemical processes, commonly used to dissolve or dilute other
substances in organic synthesis, separation and purification processes. (Hasegawa et al.,
2021; Joshi & Adhikari, 2019) It is estimated that globally nearly 20 million tons of organic

solvents are produced annually on an industrial scale (Clarke et al., 2018). The production,
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transport, use, and disposal of industrial organic solvents can all introduce emissions that
may affect both human health and the environment. The recovery and purification of sol-
vents is therefore extremely important in order to reuse them and thus reduce their life cycle

impacts. (Cseri et al., 2018)

Applying effective separation technology to solvent dehydration and purifying them to meet
quality specifications is the main technical challenge in solvent reuse and reprocessing. A
common complication is that many organic solvents form azeotropic binary mixtures with
water, making their separation difficult. The main methods for dehydrating industrial organic
solvents include distillation, adsorption and membrane separation. Among these, distillation
is the most established method. However, it is highly energy-intensive and requires intermit-
tent solvents, called entrainers, for separating azeotropes. Therefore, alternative approaches
have been studied, having led to increased interest in membrane processes such as pervapo-

ration (PV). (Vane, 2019)

2.1 Distillation-based dehydration

Distillation is a separation method based on the volatility differences between the compo-
nents and is governed by the vapor-liquid equilibrium (VLE). The VLE describes the distri-
bution of a substance between the vapor phase and a liquid phase. By heating a liquid mix-
ture, the more volatile component preferentially vaporizes, producing a vapor phase enriched
in this component, while the remaining liquid becomes richer in the less volatile component.
Full separation happens through one or more successive vaporization and condensation

steps. (Kister, 1992)

2.1.1 Azeotropes

At a certain temperature and pressure, some non-ideal liquid mixtures reach an azeotropic
point, where the compositions of the vapor and liquid phases become identical due to com-
plex thermodynamic interactions. The physical and chemical interactions between the com-
ponents lead to the mixture exhibiting a constant boiling point and behaving as if it were a

single substance. When the mixture reaches the azeotropic point, the components can no
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longer be separated by simple distillation, because the vapor and liquid compositions become

the same. (Kister, 1992)

The azeotropic mixture can be either a minimum boiling azeotropic system, which has a
lower boiling point than either of its pure components or a maximum boiling azeotropic
system, which has a higher temperature than its components. (Mahdi et al., 2015) An exam-

ple of a VLE curve showing an azeotropic point is presented in Figure 1.

1.0
equilibrium
curve \
N v line
- xX=y
o
o
©
>
azeotropic
composition

0.0 Liquid (x) 1.0
Figure 1. VLE diagram of an azeotropic mixture, where x and y represent the fraction of

liquid and vapor phases of the component, respectively (Cortel et al., 2024)

The separation of azeotropic mixtures has been a persistent challenge in the process industry
for more than a century since many industrially relevant liquid mixtures exhibit azeotropic
behavior. (Cortel et al., 2024) Alternative solutions have been widely studied to achieve
complete separation or as complete as possible. This has been found to be achieved by en-
hancing the distillation process typically by using an entrainer or utilizing a membrane. (Cor-

tel et al., 2024; Mahdi et al., 2015)
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2.1.2  Azeotropic distillation and extractive distillation

The most used solution for overcoming azeotropic limitations is introducing a third compo-
nent referred to as entrainer to the mixture to alter the VLE behavior. This approach is used
in two types of processes: azeotropic distillation and extractive distillation. (Mahdi et al.,
2015) Although these two methods are similar in process configuration, they differ in the
function and volatility of the entrainer, resulting in distinct separation mechanisms (Gerbaud

etal., 2019).

In azeotropic distillation, the entrainer is typically highly volatile. It breaks the original aze-
otrope by forming a new one with one of the components in the mixture. The new azeotrope
exhibits a volatility that is either much higher or much lower than the original components,
allowing it to be separated from the mixture. (Guo & Wang, 2019) The new azeotrope is
then taken overhead of the distillation column and the separated component is obtained as
the bottom product. (Li et al., 2005) The new azeotrope formed is often heterogeneous or
partly heterogeneous. In that case, a decanter can be used to collect the condensed liquid and

permit the separation of the two phases by gravity. (Mahdi et al., 2015)

Extractive distillation uses an entrainer to modify the relative volatility of the components,
avoiding azeotrope formation. Unlike in azeotropic distillation, the entrainer is high-boiling
and low in volatility, allowing the lighter component to vaporize and exit at the top of the
column, while the heavier component and entrainer remain at the bottom. The entrainer is
completely miscible with the mixture. (Lei et al., 2003) The bottom stream is sent to a second
distillation column, where the lighter component is collected at the top, while the entrainer
is removed from the bottom and recycled to the first column. Separation in this column is
simpler due to the greater boiling point difference between the components and the absence

of azeotrope formation. (Mahdi et al., 2015)

In extractive distillation, the entrainer does not need to vaporize. In contrast, azeotropic dis-
tillation requires both the entrainer and the components to vaporize at the top of the column,
making it more energy-intensive. Moreover, the quantity of the entrainer used in extractive
distillation is usually smaller than that of entrainer used in azeotropic distillation. (Lei et al.,
2003) Selecting a suitable entrainer is crucial for the sustainability and separation efficiency
of these processes. An ideal entrainer should be chemically inert, non-corrosive, safe to han-

dle, environmentally friendly and cost-effective. (Cortel et al., 2024)
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The selection of suitable entrainers is broader in extractive distillation than in azeotropic
distillation because extractive distillation does not require the formation of an azeotrope.
Instead, the entrainer only needs to selectively alter the relative volatilities of the compo-
nents, which many high-boiling, non-volatile solvents can achieve. In contrast, azeotropic
distillation depends on forming a specific azeotrope with one of the components, limiting
the number of effective entrainers. (Mahdi et al., 2015) Both azeotropic and extractive dis-
tillation are widely used for separation of both minimum and maximum boiling azeotropic
mixtures (Gerbaud et al., 2019). Although extractive distillation has the advantage of a
broader selection of suitable entrainers, it cannot produce as highly pure products as azeo-
tropic distillation. Therefore, both processes are not feasible for every situation. (Mahdi et

al., 2015)

Azeotropic and extractive distillation offer many advantages but the recovery and reuse of
the entrainers is often highly energy-intensive and technically complex. Heating and main-
taining specific temperatures in the distillation column increases costs, especially for mix-
tures with high boiling points. The separation of the entrainer also introduces an additional
unit operation to the process. Environmental concerns also arise especially when VOCs are
used as an entrainer, as improper recovery or disposal raises environmental concerns. (Cortel

et al., 2024)

2.2 Membrane-based dehydration

The limited availability of suitable entrainers and the high energy-intensity of azeotropic and
extractive distillation have led to the exploration of alternative separation methods to sepa-
rate organic-water mixtures. Membrane separation has gained significant interest as an en-
ergy-efficient separation method. Unlike distillation, which relies on VLE, membranes can
separate water from many organic solvents that readily form azeotropes, overcoming this

limitation. (Hasegawa et al., 2021; Mahdi et al., 2015)

The core of every membrane-based separation is a semi-permeable membrane. It acts as a
permselective barrier between two homogeneous phases, enabling transport of specific com-
ponents through it while restricting the passage of others, when a driving force such as con-

centration, pressure, temperature or chemical potential difference is applied. The membrane
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separates the feed into two streams: the permeate, which passes through the membrane, and
the retentate, which is retained at the feed side. (Mulder, 2012) The separation of components
is based on chemical and structural differences between substances (Vane, 2019). A sche-

matic representation of membrane system is shown in Figure 2.

¢ %0 00 ® ® o
Feed —>
i GOOOQG ® 60@0

© G e o © ©

Permselective membrane

9 . = &
QO&D@%

* Permeate

Figure 2. A general schematic of membrane separation (De Meis, 2017)

The ability to control the rate of permeation of different species is the most important prop-
erty of a membrane (Mulder, 2012). Molecular size and solvent characteristics are two ad-
ditional factors that can affect the membrane separation process. For instance, water has a
smaller kinetic diameter than many commonly used solvents, allowing water molecules to
pass more easily through size membranes compared to larger solvent molecules. (Vane,
2019) Also selectivity of the material is an essential property of a membrane. For example,
a hydrophilic membrane promotes water transport over organic solvent because water mol-
ecules readily interact with the hydrophilic functional groups in the material through hydro-

gen bonding and polar interactions. (Farhan et al., 2023)

2.2.1 Pervaporation

Pervaporation is a membrane-based separation technique with significant potential for in-
dustrial applications. PV is effective in separating azeotropes, close-boiling mixtures and
thermally sensitive compounds. It is suitable for removing species present at low concen-

trations. (Bowen et al., 2004) Common applications of PV include water removal, organic
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solvent recovery, and the separation of organic mixtures (Shi et al., 2019). Unlike distilla-
tion, PV is not constrained by thermodynamic equilibrium, meaning azeotrope formation

does not matter in the separation (Vane, 2020).

The name "pervaporation" reflects its working principle: the process combines selective per-
meation through a membrane with evaporation to achieve molecular-level separation. (Ren
et al., 2021) During the PV-based dehydration of organic solvents, aqueous-organic feed
solution is fed to the membrane in the liquid phase. Water molecules then selectively per-
meate through the membrane layer into the vapor phase. Organic molecules are retained

from permeating the membrane and the two species are separated. (Moriyama et al., 2021)
Mass transfer and driving force

Mass transfer across a PV membrane occurs via the solution-diffusion mechanism, which
consists of three main steps: 1) sorption of the component into a membrane from feed side,
2) diffusion through the membrane, and 3) desorption into the vapor phase on the permeate
side of the membrane. A PV membrane is typically thin, non-porous and selective to certain
species. A non-porous membrane has no discernible pores and only allows transport through
the material's molecular-sized free volume. (Vane, 2013) A difference in vapor pressure be-
tween the feed and permeate sides serves as the driving force for this transport. (Vane, 2019)

The solution-diffusion model is illustrated in Figure 3.

Sorption Diffusion Desorption

. | |

Flux (J)
=
S
& f
; F p; Permeate
3 vapor phase
S
=
o
3 PP
Membrane

Figure 3. Schematic representation of the solution-diffusion mechanism
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The permeate flux J; [kg/m?-s], of the permeating component i, can be expressed by Equation
(1):
Py
Ji==t(® =P (1)
where Pi is permeability [kg/(m-h-bar)] of component i in the membrane; Pif and Pip are the
partial pressures [bar] of component i on the feed and permeate sides, respectively; and / is

the membrane thickness [m]. (Shi et al., 2019)

As shown in Equation (1), a partial vapor pressure difference is necessary to drive the per-
meation of a species through the membrane. This is done by heating the feed solution to
promote vaporization while maintaining a lower temperature at the permeate side typically
by using a vacuum. Also sweeping gas is sometimes used. (Ren et al., 2021; Vane, 2019)
Due to the applied vacuum or sweeping gas, desorption of the permeated components occurs
rapidly. This makes sorption and diffusion the dominant steps in mass transfer (Shi et al.,

2019).

The permeability P; is determined by both the solubility of the permeating species in the
membrane and its diffusivity through the material. These factors are closely coupled: a com-
ponent with higher solubility may induce swelling in the membrane, which typically en-
hances its diffusivity. (Shi et al., 2019) PV membranes therefore achieve separation based
on differences in the solubility and mobility of permeating molecules dissolved in the mem-
brane matrix. Depending on the membrane material, each component exhibits different af-
finities and diffusion rates, meaning they permeate at different rates. (Baker, 2012; Liu, G.
& Jin, 2021). This makes PV effective for separating miscible mixtures of volatile com-
pounds, including mixtures where the components are small in kinetic size. With careful
membrane material selection, PV enables separations that cannot be achieved with size-

based membrane filtration processes like micro- or ultrafiltration. (Vane, 2013)
Process performance and description

The performance of the pervaporation process is mainly based on the efficiency of the mem-
brane, which depends largely on the material properties. Two key parameters that define a
membrane’s efficiency are its selectivity and the rate of permeation, referred to as the flux.

(Mulder, 2012)
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Similar to many other membranes, PV membranes usually have a multilayer composite
structure consisting of a thin (<10 pm) non-porous selective layer supported by a more po-
rous substructure. The selective layer can be organic, inorganic, or a hybrid material com-
bining both. Generally, the support material is chosen to be compatible with the nature of
the selective layer. (Vane, 2013) PV membranes can be divided into two types depending on
the permeating component: hydrophilic and hydrophobic membranes. For dehydration of
organic solvents, hydrophilic membranes are applied, resulting in water permeating through
the membrane. (Toth, 2022) The different hydrophilic PV membranes are more thoroughly
described in chapter 3.

The membrane itself is only one element of the membrane module, while the membrane
module is only one element of the entire pervaporation process. The main components in PV
process in addition to the membrane module are heater for heating the feed solution, con-
denser to condense the permeated vapor and vacuum pump, which is necessary to maintain
the low partial pressure. (Vane, 2013) A general flow diagram of a PV process is shown in

Figure 4.

Membrane module

Feed liquid % — Retentate liquid

Feed pump Heater

Permeate vapor
Y

4_©_<7 Condenser

Vacuum pump

\{
Condensed permeate liquid

Figure 4. Components in pervaporation system. Adapted from: Vane (2013).
Advantages and challenges

Compared to distillation, only a fraction of the mixture is vaporized during pervaporation,
which means the energy required is considerably lower than in distillation, where large

amounts of heat must be added and removed successively (Bowen et al., 2004). Certain
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studies suggest that PV has shown to consume even up to 60 % less energy than conventional
distillation when dehydrating organic solvents (Jonquiéres et al., 2002; Klinov et al., 2017).
In addition to energy saving potential, membranes operate continuously without additional
entrainers and are modular, allowing for design flexibility (Bowen et al., 2004). Compared
to distillation processes, the PV process has a simpler implementation, lower environmental
impact and safer operating conditions, making it an attractive alternative. (Toth, 2022; Vane,
2020) It is important to note that these factors also align with the global need to transition

towards cleaner and more efficient energy utilization in industries. (Osman et al., 2024).

However, despite membrane separation being demonstrably effective, there are still chal-
lenges to be tackled. For example, membrane fouling, swelling and scaling is an issue that
can reduce efficiency over time, while scalability limitations of large membrane areas hinder
widespread industrial implementation. (Cortel et al., 2024) Furthermore, the use of PV can
be restricted because mass transport through a dense PV membrane is a slow (Mahdi et al.,
2015). It has been observed that the separation efficiency of a pervaporation membrane de-
clines as the water content in the feed increases. This reduction is attributed to water sorption
in the hydrophilic membrane, which causes swelling. Swelling enlarges the membrane’s free
volume, allowing greater undesired diffusion of organic compounds. Consequently, the se-
lectivity decreases while the flux increases. (Mohammadi et al., 2005; Toth, 2022) There-
fore, PV is the most suitable for mixtures with low concentrations of the permeating com-

ponent, such as the dehydration of organic solvents with low water content (Ren et al., 2021).

2.2.2 Hybrid separation

Hybrid processes that combine membranes and distillation offer a highly attractive solution
when membrane separation alone is not sufficient to effectively separate the mixture (Mahdi
etal., 2015). The goal of employing hybrid separation is to improve overall performance by
maximizing the capacity of each separation method. This strategy can overcome the typical
limitations of single-method separations, such as restricted applicability, high energy con-
sumption and the need for additional entrainers. (Cortel et al., 2024; Fan et al., 2018). An
example of a process diagram of hybrid distillation/pervaporation process is presented in
Figure 5. In this case the retentate is recycled back to the distillation column for further

recovery.
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Figure 5. An example of hybrid distillation-pervaporation process. Adapted form: Cortel
(2024).

Retenate (1)

For the separation of a binary azeotropic mixture, the distillate from the distillation column,
which contains the azeotrope, is fed to the membrane unit for additional purification (Kreis
& Gorak, 2006). This approach exploits the fact that the column’s top stream is already hot,
reducing the need for initial preheating in pervaporation. As a result, integrating the mem-
brane and distillation units allows the limitations of each method to be mitigated (Iftikhar et

al., 2022).

Vooradi et al. (2018) investigated a hybrid separation scheme as a potential alternative to
traditional extractive distillation. Their findings indicated a 42.5 % reduction in reboiler en-
ergy consumption and a 34.8 % decrease in entrainer consumption compared to the conven-
tional approach. Wu et al. (2020) proposed a hybrid method combining extractive distillation
with PV for 1-propanol dehydration. This process demonstrated both high efficiency and
cost-effectiveness, achieving product purities of up to 99.9 %. However, a notable drawback
of both these methods is the need to introduce an additional entrainer during the extractive
distillation step. Alternatively, Toth (2022) proved that the separation of 1-propanol and wa-
ter can be effectively accomplished using conventional distillation and PV, with the water

content in the final product modeled to be at 0.1 wt.%.
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3 Hydrophilic pervaporation membranes

The performance of a PV process is critically influenced by the choice of membrane mate-
rial. Since separation in PV is governed by the relative solubility and diffusivity of the com-
ponents within the membrane, selecting a suitable material is essential and should be tailored
to the specific application. (Imad & Castro-Mufioz, 2023; Vane, 2019) An ideal membrane
material exhibits high permeability and is highly selective for the target compound while
also maintaining chemical and mechanical stability as well as thermal resistance to guarantee

long-term stability. (Cannilla et al., 2017).

In organic solvent dehydration applications, the membrane material is typically hydrophilic
to enable selective water removal from organic solvents. The selectivity is due to the strong
affinity between water molecules and the hydrophilic functional groups of the membrane,
which interact through polar interactions and hydrogen bonding. (Farhan et al., 2023) Hy-
drophilicity promotes the sorption of water over organic solvents, and the smaller molecular
size of water molecules also allows them to diffuse more quickly through the membrane.
The hydrophilic selective layer of PV membranes is dense and can be composed of poly-
meric materials, inorganic materials or hybrid combinations of them both. (Liu, G. & Jin,

2021)

The PV-based dehydration of 2-propanol has been studied to a reasonable extent, with results
reported in the literature over several decades. Farhan et al. (2023) in their study present an
extensive overview of membranes applied in the separation of water from 2-propanol. These
membranes are mainly polymeric. In contrast, the dehydration of 1-propanol has received
significantly less attention, with only a limited number of relevant studies published in recent
years. One comprehensive review on dehydration via PV of 1-propanol is provided by Toth
(2022), who summarizes key experimental findings in literature. Almost all reported mem-
branes used in literature are polymeric. This chapter presents an overview and recent devel-
opments of hydrophilic PV membranes used for dehydration of organic solvents with results

reported on both 1-propanol dehydration.
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3.1 Polymeric membranes

Organic membrane materials are typically polymeric and are widely used due to their low
cost, ease of fabrication, and flexibility in design. In PV applications, they are favored for
their processability and adjustable separation properties. Common materials for hydrophilic
organic polymers used for the dehydration of organic solvents include polyvinyl alcohol
(PVA), polyacrylonitrile (PAN), polyimides, polyamides, cellulose and chitosan. (Cannilla
et al., 2017; Imad & Castro-Mufioz, 2023) The hydrophilicity of the polymers is due to the
presence of numerous polar functional groups in the polymer chain (e.g., -OH, —-NH, —C=0,
—C-0O- and —CN), which are in contact with water (Davey et al., 2016). Examples of these

types of membrane materials are shown in Figure 6.
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Figure 6. Examples of polymers used in hydrophilic pervaporation membranes
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When selecting a polymer for pervaporation, it is essential to select one that has strong af-
finity for the target permeant and remains stable under the process conditions (Davey et al.,
2016). PVA stands out for dehydration applications because of its exceptional water perme-
ability, excellent mechanical stability, durability, biodegradability and low production costs
compared to other polymers. PVA is highly hydrophilic and offers excellent perm selectivity
towards water. (Farhan et al., 2023) Despite these advantages, the drawback of PVA is that
it experiences low permeation flux due to inherent trade-off between permeability and se-

lectivity within polymeric materials. (Heydari et al., 2023)

In addition, the water solubility of PV A can also lead to a high degree of membrane swelling
in aqueous solutions which can significantly reduce the selectivity of the membrane as well
as its stability (Hieu & Duy, 2017; Imad & Castro-Muioz, 2023). The swelling effect can
however be reduced through various approaches such as polymer cross-linking, grafting,
blending, filler incorporation, and surface modification (Farhan et al., 2023). Particularly
cross-linking is effective for modifying membrane properties and PVA can be easily cross-

linked through chemical or thermal methods to tailor its performance (Farhan et al., 2023).

PV A-based hydrophilic membranes were among the first to be used commercially for PV
applications (Vane, 2019). An example of PVA based membranes is the PERVAP™ series
supplied by Sulzer Chemtech and DeltaMem AG. The PERVAP™ polymeric membranes
for solvent dehydration contain a thin selective PVA separation layer cross-linked in differ-
ent ways and supported by a nonwoven fabric to be suitable for various pervaporation appli-

cations. (DeltaMem AG, 2025; PERVAP™, 2025)

Toth (2022) concluded in his research that PERVAP™ 1201 PVA composite flat-sheet PV
membrane demonstrates the highest selectivity, pervaporation performance and permeate
flux among PVA membranes for 1-propanol dehydration compared to other experimental
results in the literature. In this study, a hybrid system combining a distillation unit with sev-
eral pervaporation modules was modelled based on laboratory experiments, starting from an

initial water content of 32 %. The system achieved a 1-propanol purity of 99.9 %.

Sokolova et al. (2018) investigated the use of poly(urethane-imide) (PUI) membranes, pre-
pared specifically for the study, for the dehydration of 1-propanol. These membranes are
segmented copolymers composed of hard polyimide segments and soft polycaprolactone.

The membranes were tested starting from an initial water concentration of 20 %. They
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demonstrated separation performance with 99.1 % and 97.8 % water in the permeate for the
PUI-530 and PUI-2000 membranes, respectively. The study concluded that these mem-
branes show strong potential for industrial pervaporation applications due to their combina-

tion of high selectivity, good permeability, and structural stability.

A general drawback of polymeric membranes is their limited chemical and thermal stability
under harsh conditions, such as exposure to strong acids or bases, high temperatures, or ag-
gressive organic solvents. Among them, PVA-based membranes exhibit comparatively bet-
ter resistance. (Cannilla et al., 2017). Nevertheless, ongoing research on PV membranes for
organic dehydration has shifted to explore materials that offer improved chemical and ther-
mal stability for handling aggressive solvents at high temperatures, that could replace poly-

mer-based membranes. (Medeiros et al., 2019).

3.2 Inorganic membranes

Compared to polymeric membranes, inorganic membranes offer considerably better chemi-
cal and thermal stability, as well as strong resistance to swelling and mechanical stress.
These properties enable their use across a wider pH range, at higher temperatures, and under
greater operating pressures, making them more suitable for demanding separation processes
and can be better than polymeric membranes in such conditions. (Cannilla et al., 2017; Ra-

jawat et al., 2020)

However, inorganic membranes are typically brittle and challenging to manufacture. They
are often produced with a thickness exceeding 10 um, which limits their permeance ability
and makes them expensive to produce. (Davey et al., 2016) This makes large-scale produc-
tion and commercialization less feasible than for polymer membranes, even though inor-
ganic materials offer superior performance in harsh environments. (Cannilla et al., 2017) A
range of novel fabrication techniques is currently being explored to reduce the production

costs of high-permeance inorganic membranes (Davey et al., 2016).
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3.2.1 Zeolites

Zeolites is a significant and the most extensively researched class of inorganic membrane
materials widely used in various industrial applications, including the separation of water
from organic compounds (Imad & Castro-Mufioz, 2023). Zeolites are microporous crystal-
line aluminosilicates, and common materials include minerals such as faujasite, mordenite,
ferrierite, and offretite. Structurally, zeolites consist of interconnected SiO4 and AlO4 tetra-
hedra forming a vast number of different 3D frameworks. Within this framework, some sil-
icon sites are replaced by aluminum, introducing negative charges balanced by cations such
as Na*, K*, Ca?" and Mg?". (Feng et al., 2015) A typical zeolite A structure is represented in
Figure 7.

Sodalite Unit Zeolite A structure

O = Silicon or Aluminium
@ = Oxygen

Figure 7. Typical zeolite A structure composed of sodalite units (Davey et al., 2016)

Due to their unique structure, zeolite membranes possess advantageous properties such as
tunable pore size and shape selectivity, allowing them to be customized for targeted separa-
tions (Imad & Castro-Mufioz, 2023). These properties combined with their high thermal,
chemical, and mechanical stability, make zeolites ideal for membranes. Their ability to fa-
cilitate efficient molecular separation is due to strong preferential adsorption and rapid, se-

lective diffusion in a well-ordered crystal structure. (Feng et al., 2015; Tao et al., 2020)

The hydrophilicity of zeolites is strongly influenced by their Si/Al ratio, with lower ratio
corresponding to increased hydrophilicity but decreased acid stability. Among the various

types of hydrophilic zeolites NaA, CHA (chabazite) and T-type structures are the most
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hydrophilic and commonly employed in organic solvent dehydration. (Imad & Castro-

Muioz, 2023)

Notably, zeolite type A in its sodium form known as NaA or zeolite 4A, was the first inor-
ganic membrane material commercialized for PV dehydration. Its strong hydrophilicity and
molecular sieving ability make it highly selective to water. (Moriyama et al., 2021; Vane,
2013) However, NaA membranes exhibit low acid resistance and therefore are insufficient
in certain solvent dehydration processes (Hasegawa et al., 2021). Membrane Technology
and Research (MTR) Inc. supplies zeolite-based SolvSep™ membrane systems for the de-
hydration of various organic solvents (MTR Inc., 2025). Similarly, Mitsubishi Chemical
Group offers the ZEBREX™ process employing advanced zeolite membranes for solvent

dehydration applications (Mitsubishi Chemical Group, 2025).

A critical challenge in the development of zeolite membranes lies in minimizing the in-
tracrystalline pores that form between crystals in the polycrystalline structure, as these de-
fects create uncontrolled pathways that may significantly reduce molecular separation effi-
ciency (Feng et al., 2015). Additionally, despite their advantages over polymeric mem-
branes, the widespread adoption of zeolite membranes is hindered by the complexity of fab-
ricating stable, defect-free structures, as the case generally is with inorganic membranes.

(Cannilla et al., 2017)

3.2.2 Silica

Amorphous silica membranes represent another extensively studied class of hydrophilic in-
organic membranes. They exhibit strong potential for high-temperature organic dehydration
thanks to their sufficient hydrothermal stability. Their separation performance generally falls
between polymeric and zeolite membranes. This is likely due to the intrinsic pore structure
of silica, which provides greater rigidity than polymers but makes precise pore size control

more challenging than in zeolite membranes. (Imad & Castro-Muiioz, 2023)

Silica membranes consist of a thin layer of Si0, with microporous structure that allows the
selective passage of small molecules such as hydrogen. Since silica has high melting point,
these membranes are robust and capable of operating under harsh conditions and elevated

temperatures for extended periods. (Ismail & Rahman, 2016) Since their development, silica
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membranes have demonstrated adaptability for pervaporation dehydration processes. Their
widespread use is supported by abundant raw materials and straightforward manufacturing

methods, the most common being the sol-gel process. (Rajawat et al., 2020)

Nevertheless, silica membranes suffer from certain drawbacks. At high temperatures in the
presence of water vapor, silica-based membranes can experience structural densification,
which reduces their permeability. (Ismail & Rahman, 2016) Additionally, silica membranes
face inherent material constraints, incomplete understanding of their transport mechanisms,
and structural weaknesses when exposed to dilute aqueous organic mixtures (Rajawat et al.,

2020).

To address these challenges, organic-inorganic hybrid-silica membranes have emerged as a
promising new generation of silica-based membranes for organic dehydration applications.
These membranes combine silica with organic components to overcome limitations of both
purely polymeric and inorganic membranes. Hybrid membranes typically consist of ultrathin
selective layers (<500 nm) and offer excellent hydrothermal stability and tunable pore struc-
tures. Their enhanced acid and hydrothermal resistance make them competitive candidates
for organic dehydration under conditions, such as high water content, elevated temperatures,
and low pH environments. (Imad & Castro-Munoz, 2023) The molecular structures of such

membranes are shown in Figure 8.
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Figure 8. Silica networks in pure silica and hybrid-silica membrane (Chang et al., 2010)

Several commercialized silica-based membranes have been developed, including PER-

VAP™ SMS supplied by Sulzer Chemtech and HybSi® supplied by Pervatech (Imad &
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Castro-Muioz, 2023; Rajawat et al., 2020). The HybSi® membrane is a notable example of
an organic—inorganic hybrid material, where organic fragments are integrated into the amor-
phous silica matrix. In contrast to pure silica, where silicon atoms are connected only via
oxygen bridges (Si—O—-Si), HybSi® contains silicon atoms also linked by organic bridging
groups (Si—(CH2),—Si). This design enhances hydrothermal stability and prevents nanoc-
racking propagation, thereby extending the membrane lifespan. The inorganic component
contributes hydrophilicity and mechanical strength, while the organic component improves

flexibility and long-term thermal stability. (Klinov et al., 2017)

3.3 Mixed-matrix membranes

Similar to hybrid silica membranes, novel mixed-matrix membranes (MMMSs) combine or-
ganic and inorganic materials to harness the benefits of both. These membranes have re-
ceived significant attention in recent decades because of their potential to overcome the per-
meability-selectivity tradeoff issue of polymeric membranes. This improvement is achieved
by incorporating high-performance inorganic fillers into a polymer matrix, thereby combin-
ing the processability and flexibility of polymers with the high selectivity and stability of
inorganic materials in a single membrane system. (Imad & Castro-Mufioz, 2023; Jin et al.,

2025) This is illustrated in Figure 9.
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Figure 9. Mixed-matrix membrane (Selomon et al., 2021)

The separation performance of MMM s is primarily influenced by the physicochemical prop-
erties of the inorganic fillers used (Liu, G. & Jin, 2021). Therefore, selecting appropriate
filler is crucial, with key considerations including high separation efficiency and strong com-
patibility between the filler and the polymer matrix (Imad & Castro-Muiioz, 2023). Ideally,
these fillers have an intrinsic molecular sieving capability, good interfacial compatibility
with the polymer, and excellent dispersibility even at moderate to high loadings (Wang, Y.
etal., 2019).
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The first generation MMMs employes purely inorganic fillers such as zeolites and silica.
Hydrophilic zeolites offer molecular sieving functionality due to their small pore sizes, mak-
ing them highly selective for applications such as alcohol dehydration, although they typi-
cally have lower fluxes. Meanwhile, silica fillers enhance membrane hydrophilicity and in-
fluence polymer chain conformation, thereby improving the performance of PV-based de-
hydration of organic mixtures. However, the performance of purely inorganic MMMs is of-
ten limited due to challenges in uniform filler dispersion and the formation of interfacial

voids. (Liu, G. & Jin, 2021)

Recent advances in nanomaterials have driven the development of second-generation
MMMs incorporating materials such as metal-organic frameworks (MOFs), covalent or-
ganic frameworks (COFs), and 2D materials like graphene oxide. These nanomaterials offer
enhanced compatibility with polymers thanks to their adjustable surface chemistry and func-
tional organic groups, which improve dispersion and interfacial morphology. MOFs, for ex-
ample, are composed of organic linkers and metal nodes, enabling customizable pore struc-
tures, improved polymer compatibility and synthesis under mild conditions resulting in small
uniform particles. COFs, which are made entirely from organic building blocks, have well-
defined crystalline structures and are highly chemically stable. While their relatively large
pore sizes (typically 0.5-4.7 nm) result in lower molecular sieving efficiency than MOFs,
their favorable adsorption characteristics and rapid diffusion pathways significantly enhance

the overall PV performance of polymer-based membranes (Liu, G. & Jin, 2021)

2D materials such as graphene oxide nanosheets also show promise as MMM fillers due to
their unique layered structure and intrinsic hydrophilicity. These fillers form stacked chan-
nels that facilitate the selective transport of water, thereby improving the performance of

membranes in alcohol dehydration processes. (Imad & Castro-Muioz, 2023)

Among polymer matrices, PVA is one of the most widely studied for PV dehydration due to
its excellent hydrophilicity and therefore has been widely studied as the polymer component
in MMMs. Huang et al. (2019a;2019b) studied PVA/H-f and PVA/ZSM-5 zeolite mixed-
matrix membranes for PV dehydration of 2-propanol. These studies demonstrated that zeo-
lite incorporation can effectively enhance the separation performance of PVA membranes.
Similarly, Wang et al. (2023) evaluated PVA/ZSM-5 MMM for 1-propanol dehydration and
reported good selectivity and permeate flux. Their findings showed the membrane to be

technically viable, with over 99.4 m% 1-propanol retained in the retentate stream.
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Despite these advancements, producing high-performance MMMSs remains challenging. Key
difficulties include achieving uniform filler dispersion, preventing interfacial voids, and en-
suring a defect-free selective layer (Imad & Castro-Muioz, 2023). Furthermore, practical
concerns exist regarding the scalability of fabrication methods and the long-term stability
and performance of MMM s in industrial settings (Shan et al., 2024). Consequently, MMMs
have not yet achieved commercial viability, but they remain a vibrant area of research with
substantial potential. Once these challenges have been overcome, it will be possible to im-
plement thin, robust, defect-free MMMs in large-scale pervaporation and other membrane-

based separation processes. (Hua et al., 2024)

3.4 Summary of results in the literature for 1-propanol dehydration

The literature mostly refers to 2-propanol-water separations, while there are considerably
less references to the separation of 1-propanol-water mixtures. The performance of pervapo-
ration membranes reported in the literature varies widely depending on membrane compo-
sition, support structure, and operating temperature. A comparison of selected hydrophilic

membranes for the separation of 1-propanol and water is presented in Table 1. (Toth, 2022)

Table I. Summary of reported data for hydrophilic pervaporation of 1-propanol/water mix-

ture. (Expanded from: Toth, 2022)

Membrane Temper- Water Total Separation PSI[-] Reference

type ature content flux factor [-]
[°C] in feed [kg/m?h|
[wt.%)]
PVA cross- 30 10 0.08 141 11 (Burshe et
linked with al., 1997)
citric acid

aALO3/PVA 70 10 2.20 50 108 (Peters et

al., 2006)
PERVAP™ 70 10 0.52 500 259 (Teleman

2201D etal.,

(PVA/PAN) 2022)
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PERVAP™ 60 10 0.26 2500 650 (Teleman
2201D et al.,
(PVA/PAN) 2022)
Polyvinyl 59 10 1.20 6000 7199 (Toutia-
amine/poly(vi- noush et
nyl sulphate) al., 2002)
Poly(ure- 50 20 8.80 179 1566 (Sokolova
thane-imide)- etal.,
PUI-2000 2018)
Poly(ure- 50 20 5.10 437 2224 (Sokolova
thane-imide)- etal.,
PUI-530 2018)
PVA/ZSM-5 60 20 0.83 820 676 (Wang, J.
(MMM) et al.,
2023)
PERVAP™ 90 32 1.22 1420 1731 (Toth,
1201 (PVA) 2022)

Based on the high separation factors and PSI values, it can be concluded that several mem-

branes are suitable for separating 1-propanol and water. The separation factors and flux val-

ues also reflect the trade-off between selectivity and permeability. In addition, it can be ob-

served that most of the used membranes for such mixtures have been polymeric. (Toth, 2022)

APPLIED PART

4  Solvent purification process at Raisio Nutrition

Raisio Nutrition Ltd. is a Finnish food manufacturer and part of the Raisio Group. The com-

pany focuses on health, sustainability, and plant-based products. Raisio Nutrition produces

plant stanol ester, which is an ingredient proven to lower cholesterol in the human body.
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This compound is used in commercial food items, such as Benecol® products. Raisio Nutri-

tion operates in both domestic and export markets.

In production of plant stanol ester, 1-propanol is used as a solvent and its economical and
environmentally friendly recycling is an essential part of the sustainability and profitability
of the production process. The solvent mixture undergoing purification primarily consists of
1-propanol and water. 1-propanol forms an azeotropic mixture with water when the concen-
tration of 1-propanol is 70.8% and the concentration of water is 29.2%. The purification
process is carried out via two-stage distillation. In the first distillation heavy components
and solid impurities are removed and in the second distillation 1-propanol is dehydrated via

azeotropic distillation. A process diagram of the process is shown in Figure 10.
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Figure 10. Simplified process diagram of azeotropic distillation process

The feed to the distillation system consists of all solvents and solids that enter the manufac-
turing process of plant stanol ester but do not end up in the end product. The first distillation
column performs a simple distillation, in which the temperature and pressure are optimized
so that the heavy components and solids remain in the bottom stream and the light liquid
solution is taken overhead. The overhead stream consists of a 1-propanol-water mixture and
is fed into the next distillation column. The mixture may also contain trace amounts of some

other industrial solvents.
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In the next stage, 1-propanol is dehydrated using azeotropic distillation technology. An or-
ganic entrainer is added to the distillation column to form a new azeotrope with water, ena-
bling the water to be separated efficiently. The new azeotrope boils from overhead, while
purified 1-propanol is obtained from the bottom of the column. The overhead stream, con-
taining the entrainer and water, is directed to a decanter system where they are separated by
gravity. Water is removed from the process as a waste stream, and the entrainer passes to the
mixing tank. From the mixing tank, the entrainer is fed back in the process with some water

added to it to enhance the separation efficiency.

Azeotropic distillation is an energy-intensive process and challenged by the use of a VOC
as an entrainer. It requires high heat input and special control of the feed and entrainer cir-
culation, which increases the complexity of the process and energy consumption. Continu-
ous entrainer circulation also requires additional equipment maintenance. As a result, mem-
brane-based separation was identified as a potential alternative. Pervaporation was found to
be potentially promising and mature enough technique to be studied for this application.
Pervaporation offers the possibility of separating water without additives, as the selectivity
of the membrane material allows for the selective permeation of water. This can reduce both

operating costs and improve the environmental friendliness of the process.

The main objective of this work is to determine whether pervaporation would be suitable for
replacing azeotropic distillation. It was found that the pervaporation membrane would not
be able to handle feed containing solid impurities directly, as these can cause the membrane
to clog and impair its performance. For this reason, the most suitable solution would be to
integrate the pervaporation unit in place of the second distillation column, allowing pervapo-
ration to act as a water remover from the already once distillated solution. This would po-
tentially reduce the overall energy consumption of the process as well as improve operational

reliability.
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5 Materials and methods

The experimental part of this thesis focuses on the separation of water from 1-propanol by
pervaporation. This chapter presents the materials, methods, and calculations used to evalu-
ate the suitability and separation performance of integrating pervaporation into the existing

distillation process.

5.1 Feed composition experiments

To determine the stability and composition of the feed to the second distillation column,
samples from the first distillation column overhead were analyzed for five days. The aim
was to assess both the water content and the possible presence of other solvents besides 1-
propanol. This step was essential to verify the feasibility of replacing the azeotropic distilla-
tion column with pervaporation, as the membrane's performance can be influenced by trace
components. Daily samples were collected and analyzed using Shimadzu GC 2010 Plus gas
chromatograph using flame ionization detection (GC-FID) with 2-propanol as an internal
standard, to determine the composition. The used column was Zerbon AB-WAXplus™ col-

umn.

When measuring the water content in the samples, volumetric Karl Fisher (KF) titration was
found to provide indicative results, but not enough accurate results when water content is
very low. For low water contents, coulometric KF titration should be used, but was not avail-
able at Raisio laboratory. Alternatively, a GC method developed by Separation Research
Ltd. was used. This method is based on the acid-catalyzed reaction between water and 2,2-
dimethoxypropane (2,2-DMP), which produces acetone in a stoichiometric 1:1 molar ratio
and methanol in 2:1 ratio. Methane sulfonic acid is used as a catalyst. The reaction is shown

in Figure 11.
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Figure 11. Reaction of water and 2,2-DMP to acetone

According to Mary (1969), the reaction between water and 2,2-DMP occurs instantaneously
when heated and forms almost the theoretical amount of acetone. The equilibrium constant
indicates that approximately 96% of the water reacts with 2,2-DMP at a 1:1 molar ratio. In
the paper it has been demonstrated that the reaction can be used to determine water content
in natural products by gas-liquid chromatography using flame ionization detection. The
method was tested both at Separation Research and later at Raisio. These tests confirmed its
accuracy within the intended water concentration range (~0-2 %). The method's suitability
for detecting low water content makes it particularly useful for assessing the water content

of solvents, which requires high sensitivity in near-waterless conditions.

The amount of formed acetone is proportional to the water content and was measured by
GC-FID using Zerbon ZB-1HT Inferno™ column. Heptane was used as the internal stand-
ard. The catalyst was diluted to a concentration of 0.01:1 ml of pure 1-propanol before use.
The method’s performance was verified by preparing calibration solutions of 1-propanol
containing 0.0%, 0.5%, 1.0%, 1.5% and 2.0% water. Linearity of the calibration was con-
firmed across this range. Additionally, replicate measurements of selected calibration points
were performed to evaluate repeatability and to assess analytical uncertainty. The mixture
was incubated at 70 °C for 30 minutes and cooled to room temperature before the GC run.
The concentration of acetone detected by GC was then used to determine the water content

of the sample.

5.2 Pervaporation experiments

The pervaporation experiments were conducted in collaboration with Pervatech B.V. at their
facilities, using a laboratory-scale batch pervaporation system developed by Pervatech. The
photographs and test results and data in this work are included with the permission of Per-

vatech. These experiments provided key performance data on membrane behavior under
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process-relevant conditions, allowing the evaluation of membrane selectivity, flux, and op-

erational stability.

5.2.1 Sample preparation

The experimented sample of the 1-propanol-water mixture was collected directly from the
distillate of the first distillation column, which functions as the feed stream for the azeotropic
distillation column. To ensure reliable measurements, the water content of the sample was
increased to approximately 15 %. This adjustment was necessary to compensate for water
losses occurring during the preheating phase of the pervaporation system. Prior to the actual
pervaporation experiment (before /=0), water begins to permeate through the membrane and
to condensate on the permeate side. As the vacuum is applied at the start of the experiment,
this pre-condensed water is removed, resulting in an indication in a significantly high per-
meate flux. This phenomenon can falsely suggest that a large amount of water permeated the
membrane in a short time, although it originates from the preheating phase rather than
steady-state operation. This 1s common in pervaporation testing and the first datapoint is

removed from analysis when flux is being considered.

5.2.2 HybSi® AR membrane

The membrane used in the pervaporation experiments is PERVATECH HybSi® AR mem-
brane. HybSi® membranes are fabricated of organic-inorganic hybrid silica-based amor-
phous materials and are originally developed by the Netherlands Organization for Applied
Scientific Research (TNO). The HybSi® membrane is coated onto the inside surface of a
single-hole porous ceramic (a-Al,O3) tube. The tube acts as a support structure, providing
mechanical strength and stability to the overall membrane system. (Hybsi, 2025). A cross-
sectional SEM micrograph of the layered structure of a HybSi® membrane is shown in Fig-

ure 12.
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Figure 12. Cross-sectional SEM micrograph of a HybSi® membrane, showing the support
layers and the ~200 nm thick selective hybrid silica top layer (Hybsi, 2025)

HybSi® AR membranes, developed and commercialized by Pervatech, are robust hybrid
silica membranes designed for the separation of water or other small polar compounds from
industrial solvents. It has been shown that these materials demonstrate excellent acid re-
sistance. They are used in a wide range of industrial applications, including the dehydration
of process and waste solvent mixtures in chemical, pharmaceutical, food, and biotechnology
processes. The utilization of HybSi® AR membranes offers several advantages, including
superior chemical and thermal stability, along with the potential for energy savings of up to

50%. (Khan et al., 2025)

In the pervaporation experiments, the membrane module was composed of four single Hy-
bSi® AR membranes. The area of one membrane is 1.05-102 m? and the total membrane
area in the experiments is 4.2-102 m?. The feed flowed successively through each mem-
brane. The inside of the membrane module showing how the four membrane tubes are placed

is shown in Figure 13.
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Figure 13. Membrane module consisting of four single membranes

5.2.3 Experimental pervaporation unit

The key components of the experimental pervaporation system include the membrane mod-
ule, a heater used to partially evaporate the feed solution, a vacuum pump to maintain the
low partial pressure necessary for permeate vaporization, and a condenser to collect the per-
meated vapor. These components together create the conditions necessary for selective
membrane operation, where the chemical potential difference drives separation. A schematic

of the pervaporation process is shown in the process flow diagram in Figure 14.
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Figure 14. Experimental pervaporation process flow diagram

The feed liquid is introduced into the feed vessel (V1) and heated to the target temperature
using an external heater, which is a resistance cable fixed around the outer wall of the feed
vessel. The heated solution is then pumped to the membrane module, where it successively
flows through each membrane tube. The temperature is maintained with internal heating in
the membrane module. Maintaining stable thermal conditions is critical, as pervaporation

performance is highly sensitive to temperature variations.

Inside the membranes, water selectively permeates through the hybrid silica layer into the
vapor phase. The retentate stream, enriched in 1-propanol, is recycled back to V1. Simulta-
neously, the permeate vapor, enriched in water, is condensed into liquid in the permeate
vessel (V2) via condenser, and maintained at low pressure under a vacuum pump. Low per-
meate pressure increases the vapor pressure difference across the membrane, thereby en-

hancing water flux.

A cold trap is installed downstream of the condenser as a safety measure to prevent volatile
components from reaching the vacuum pump. The physical configuration of the experi-

mental pervaporation setup at Pervatech can be seen in Figure 15.
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Figure 15. Experimental pervaporation batch system setup at Pervatech

Two separate pervaporation experiments were conducted to evaluate the influence of tem-
perature on pervaporation performance. The first (1) experiment was performed at 130 °C
and the second (2) at 100 °C. For each test, approximately 2 kg of feed solution was fed into
the feed vessel containing ~15 wt.% and ~16 wt.% water, for test 1 and 2, respectively. The
mixture was circulated over the membranes at a rate of 150 L/h. The feed was heated to the
desired temperature and once it was reached, the pervaporation process was started. During
test 1, the experiment was started at 120 °C and the feed temperature was further increased
to 130 °C during the experiment. The permeate pressure was maintained at 20 mbar using

the vacuum pump. The test conditions are summarized in Table II.
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Table II. Test conditions

Condition Test 1 Test 2
Feed water concentration 15 wt.% 16 wt.%
Start feed temperature 120 °C 100 °C
End feed temperature 130 °C 100 °C
Feed flow 150 L/h 150 L/h
Vacuum pressure 20 mbar 20 mbar

The permeate vapor was collected for 105 min in test 1 and 138 min in test 2. Samples of the
condensed permeate liquid were collected from the permeate vessel every 5-10 minutes
throughout each run. The water content of these permeate samples was determined using a
Metrohm 870 KF Titrino Plus volumetric Karl Fischer (KF) titrator, with Hydranal as the
titrant. Each sample was analyzed three times, and the average of these measurements was

the final value for permeate water content. This analysis data is presented in Appendix I.

When the rate of permeate accumulation visibly declined, samples of the retentate were col-
lected, and their water content was analyzed using a Lawler KF Coulometric Titrator. Again,
each sample was analyzed three times, and their average was taken. These measurements
were later validated at Raisio with the 2,2-DMP method. The use of two complementary
techniques for water determination strengthens the reliability of the data. Three retentate
samples were collected during the pervaporation. The test ended when no more permeate
accumulated in the permeate vessel and one more retentate sample was collected, which

represents the final composition of the product.

To evaluate the performance of pervaporation at the target feed water content (~1%), the
water content in the feed vessel was determined at each time point and is referred to as the
feed water content. This was calculated using the KF water analyses of the permeate and
retentate samples, along with their corresponding mass balances. The mass balances for both

tests are presented in Appendix II.
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5.2.4 Membrane performance measures

The performance of the PV process is determined based on the membrane performance at
given feed and temperature. It is typically evaluated based on flux through the membrane,
separation factor and pervaporation separation index (PSI). (Vane, 2020) It is important to
note that literature uses a variety of symbols and terms to describe membrane performance.

The specific factors and symbols used in this thesis are defined in this chapter.

The permeate flux determines the mass of permeate through specific membrane area per unit

of time. The permeate flux was calculated using the Equation (2):
I =5 (2)

where m is the mass [kg] of the permeate over time ¢ [h] and A4 is the membrane area [m?].

The flux of component i can be calculated when its mass fraction in permeate is known.

The separation factor « [-] is an experimental measure of the selectivity of a membrane and
how effectively the membrane can separate two components from each other. It was calcu-

lated as shown in Equation (3):

_ Yu/Y
 Xw/Xs )

where X is the mass fraction of the component in the feed [wt.%], Y is the mass fraction of
the component in the permeate [wt.%] and the subscripts s and w refer to solvent (1-propa-

nol) and water, respectively.

Flux and separation factor were calculated individually for each time interval and their
weighted average represents the total performance of the membrane during the whole test.

The weighted average was calculated using Equations (4) and (5).

2 J At

]average = ZTtl 4)
Y a-At;

Aagverage = Y At (5)

PSI [kg/m?h] is used to evaluate the overall PV performance combining permeation rate and

membrane selectivity in one measure. It determines how effective the membrane is at both
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allowing liquid to pass through and separating it into its desired components. PSI was cal-

culated using Equation (6):
PSI = J(a—1) (6)
where J and « are the weighted averages of total flux and separation factor.

It is worth noting that the PSI provides a balanced metric that accounts for both the produc-
tivity and selectivity of the membrane, making it particularly useful when comparing mem-
branes or operating conditions. High PSI values indicate a membrane that not only allows
high permeate flux but also effectively discriminates between components, which is critical

for energy-efficient separation. (Vane, 2020)

5.2.5 Scale-up model

The industrial scale-up of the membrane system is based on an empirical model provided by
Pervatech. The model was created by fitting experimental permeate flux data from labora-
tory-scale tests conducted at feed water concentrations from zero to approximately 1 wt.%.
The model describes the water flux as a function of the feed water concentration using third
degree polynomial equation derived from trendline fitting in Excel. The flux for 1-propaol
could be modelled using linear fit. The expected water flux can be expressed as in Equation

(7) and the expected flux for 1-propanol can be expressed as in Equation (8):
Jw =aX3 +bX% +cX, +d (7)
Js=aX+b (8)

where a, b, ¢ and d are polynomial coefficients fitted to experimental data from tests 1 and

2.

Using these model equations, the required membrane surface area could be estimated using

Excel Solver tool, based on the total flux and known feed flowrate as expressed in Equation

(8):
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A — mfeed (8)

Jtotal

where 1f,qq 1s mass flowrate of feed [kg/h]. Similarly, the mass fraction for solvent lost to

permeate can be estimated with Equation (9):

s A
Y, =4 )

ms
where J; is the solvent (1-propanol) permeate flux and m; is the feed flowrate of 1-propanol.

This scale-up approach assumes steady-state operation and negligible membrane fouling

over time. It provides an initial estimation of membrane area requirements.

5.2.6 Energy calculations

The energy needed for heating the solution as well as maintaining the desired temperature

was calculated. The energy demand for heating was calculated using Equation (10):
Qhear = mfeed "Cp AT (10)

where Q is thermal energy [kJ/h], ¢, is specific heat capacity [kJ/kg-K] of the solution and
AT 1s temperature gradient [K]. The specific heat capacity for the solution is calculated as

shown in Equation (11):
Comix = Xw " Cpw T+ X5 Cp s (11)

The specific heat capacities for water and 1-propanol are 4.18 kJ/kg-K and 2.35 kJ/kg-K,
respectively. The energy needed for maintaining the pervaporation can be calculated as the

energy needed for vaporization of water according to Equation (12):

Qvap = mperm,w ’ AHvap,HZO (12)

where 1M, ¢rm v is mass flowrate of water in permeate and AH,qp, 4,0 is the heat vaporization

of water, which is 2173.7 kJ/kg for 130 °C and 2256.4 kJ/kg for 100 °C. The total energy

demand was calculated according to Equation (13):

Qdemand = Qneat + Qvap (13)
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The energy demand can be presented in kWh, when kJ/h is divided by 3600. The energy
consumption in kWh/kg of purified 1-propanol was calculated using Equation (14):

E — Qdemand (14)

Mret
where m,..; is the flowrate [kg/h] of retentate, which is considered as the product.

These energy calculations allow for a direct comparison between the pervaporation process
and traditional azeotropic distillation in terms of thermal energy requirements. They also
provide insight into potential energy savings when using membrane technology for solvent

dehydration.

6  Results and discussion

Membrane performance during the laboratory scale test was analyzed based on permeation
flux and selectivity. Based on these findings, the membrane area was scaled up to industrial
scale and the energy consumption of this kind of system was determined. This chapter pre-

sents the results and discussion based on the findings.

6.1 Feed composition results

The GC analysis revealed that the presence of other solvents was negligible (< 0.05 wt.%),
and it was therefore assumed that the feed consisted only of 1-propanol and water. This
assumption simplifies the system and reduces the complexity of the pervaporation modeling
later in the study. While this simplification improves the clarity and focus of the modeling
phase, it should be noted that even trace impurities have the possibility to affect membrane
selectivity or cause fouling in prolonged industrial operation. This is particularly relevant
because the processes involve raw material variability or seasonal production shifts, where
feed quality may fluctuate beyond the observed window. Therefore, the possible variation
in feed composition over longer timescales should be considered in future. The variety of

water content during five days is presented in Table III.
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Table III. The variety of water content in the feed

Time (days) Water content (wt.%)
1 0.85 %
2 0.86 %
3 0.88 %
4 0.75 %
5 0.93 %

The water content in the feed ranged from 0.75 wt.% to 0.93 wt.%. These results confirm
that the feed composition remained relatively stable over the course of the week. Such con-
sistency is favorable from a process control perspective, as it allows for the design and op-
eration of separation technologies under predictable input conditions. The estimated analyt-
ical error of the method was +0.02 wt.%. Based on the results, the method is suitable for
determining water concentrations between 0 and 2 wt.% in 1-propanol. Higher concentra-
tions may also be measurable, but this requires further validation. The method still needs
further development and optimization but may be used for low water content determination
from natural compounds such as 1-propanol at Raisio in the future. Overall, the method
proved sufficiently accurate and reliable for the needs of this study and gives the validity of

the subsequent membrane modeling.

6.2 Membrane performance results

The target water content in the retentate was set at a maximum of 0.5 wt.%, with lower
values preferred. In the first test (130 °C), the final retentate sample contained only 0.06
wt.% water after 105 minutes of pervaporation. In the second test (100 °C), the concentration
was 0.23 wt.% after 138 minutes. Thus, both tests achieved water contents well below the
initial target. Achieving retentate water concentrations significantly below the target of 0.5
wt.% demonstrates that the membrane system is capable of effective dehydration under the
tested conditions. Figure 16. presents the water content in the feed as a function of time

during the entire test.
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Figure 16. Water content in the feed as function of time during the entire test

In both tests, the feed water content decreases more rapidly at first, but the rate slows down
over time, when the feed concentration declines. This trend is explained by the declining
partial pressure gradient of water across the membrane, which is the main driving force for
mass transfer. As the water content in the feed decreases, the vapor pressure of water on the
feed side also decreases, reducing the driving force and resulting in lower permeation rate.
To further evaluate membrane performance, total flux and separation factor were calculated

as functions of feed water content, as presented in Figure 17.
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Figure 17. Total flux and separation factor as function of feed water content
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Total flux increases with feed water content, while the separation factor decreases. The high-
est separation factors were achieved below 1 wt.% water in the feed, indicating more effi-
cient separation under dry conditions. The membrane exhibits higher separation efficiency
at low feed water concentrations because it results in a permeate with a significantly higher
water content relative to the feed. This is likely due to the hydrophilic nature of the mem-
brane, which favors interactions with water. At low water content, the membrane remains
dense, limiting alcohol permeation and preserving high selectivity. At higher water contents,
the membrane may swell, allowing more alcohol to permeate it, which increases total flux
but reduces separation efficiency. This trade-off between flux and selectivity is common in
membrane processes, where swelling induced by higher water content can compromise
membrane integrity and performance. Understanding this relationship is essential for process
optimization, particularly when targeting high-purity separations. Overall, the higher tem-

perature in test 1 improved separation performance across the whole concentration range.

Since the feed water concentration in the industrial application is under 1 wt.%, the mem-
brane’s performance should be evaluated at a similarly low feed water concentration. Figure
18. shows how the feed water concentration decreases over time within the range of approx-
imately 0-2 wt.%. Figure 19. presents the total flux as a function of feed water content at low

feed water concentration.
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Figure 18. Water content in the target feed range feed as function of time



50

2 I I T

—
o0
1

—e—Test 1 (130 °C)
—e—Test 2 (100 °C)

Total flux [kg/m?2h]
o = e =
—

©
o
T

0.4

0.2+

\ | I I [
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Feed water content [wt.%]

Figure 19. Total flux as function of feed water content in the target feed range

In test 1 (130 °C), the target water concentration of 0.5 wt.% was attained in a shorter time
compared to test 2 (100 °C). Furthermore, the elevated temperature resulted in a notably

lower water content in the retentate.

The difference in permeation flux between the two tests is more pronounced at low feed
water concentrations. At 1 wt.% feed water content, flux was ~1.1 kg/m*h at 130 °C and
~0.6 kg/m?h at 100 °C. Flux in 130 °C was nearly twice as high as in 100 °C. These results
highlight the importance of both feed water content and temperature in optimizing process
performance, especially under dry feed conditions. In addition to separation efficiency, the
loss of organics to the permeate side was analyzed. The permeate water content as a function

of feed composition is shown in Figure 20.
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Figure 20. Permeate water content as a function of feed water content. Top: data during the

entire test. Bottom: data in range of ~0-2 wt.% feed water content.

The water concentration in the permeate decreases with decreasing feed water content, which

means that the relative share of 1-propanol in the permeate increases. However, this does

not indicate a loss in membrane selectivity, because as noted, separation factor increases at

lower feed water concentrations. This suggests that although the absolute concentration of

water in the permeate becomes smaller, its relative enrichment compared to the feed remains

high. Therefore, the membrane becomes more selective under dry feed conditions, likely due

to its hydrophilic structure remaining tight and less prone to swelling. Water and organic

fluxes are separately shown in Figure 21.
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Figure 21. Water flux and organic flux in function of feed water content. Top: data during

the entire test. Bottom: data in range of ~0-2 wt.% feed water content.

Organic flux remained low compared to water flux across the tested feed compositions in
both experiments. Water flux varied significantly with temperature and feed composition.
Organic flux slightly increases with higher temperature. This implies that the membrane’s
permeability to 1-propanol is relatively insensitive to temperature, while water permeability
is strongly temperature-dependent. The increase in organic flux at higher feed water concen-
trations further supports the hypothesis that membrane swelling compromises selectivity un-
der wet conditions. The temperature dependency of water flux suggests that process control
through temperature management can be an effective tool to optimize separation efficiency

and flowrate.

Low organic flux is desirable from an economic perspective, as it limits product losses. The

total amount of organic material lost to the permeate was calculated from water and organic
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concentrations. Final results for final water content in retentate as well as amount of lost

solvent to permeate are presented in Table IV.

Table IV. Results for final water content in the retentate and solvent lost to permeate

Final water content [wt.%] Lost solvent [wt.%]
Test 1 (130 °C) 0.06 0.79
Test 2 (100 °C) 0.23 0.52

While these losses are relatively small, they are not negligible in industrial-scale operation.
The water permeating is not pure and involves some 1-propanol and some kind of process
design should be made for its recovery and for purified water. A summary of the key perfor-

mance indicators is presented in Tables V.

Table V. Performance results

Temperature Water Total flux Separation  PSI [kg/m?h]
[°C] content in [kg/m?h] factor [-]
feed [wt.%]
Test 1 130 15 3.23 1490 4809
Test 2 100 16 3.14 1270 3985

These results confirm that the Hybsi® AR membrane performs well overall in both temper-
atures. The membrane is clearly highly hydrophilic and extremely selective toward water.
The performance metrics demonstrate that Hybsi® AR membranes can effectively balance
flux and selectivity, which is a key requirement for industrial adoption. The data suggests
that operating at a higher temperature is more beneficial but requires careful consideration

of thermal stability and energy costs.

The findings are consistent with the literature shown in Table 1. Other results stand out either
in terms of selectivity or flux, but not both, whereas the Hybsi® membrane performs well in
both. The results obtained in this work are slightly better than those reported in previous
studies, which could be due to the higher operating temperatures used. Higher operational
temperatures may improve membrane performance but may also accelerate material degra-

dation.
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Therefore, the benefits of elevated temperatures must be considered against practical trade-
offs such as increased energy consumption and potential faster membrane aging. These as-
pects must be carefully evaluated during process design to ensure long-term feasibility.
Overall, the results highlight the Hybsi® membrane’s strong potential for industrial-scale

dehydration of 1-propanol.

6.3 Industrial scale-up

This section presents the theoretical scaling model that aims to transfer the performance of
a membrane achieved under batch laboratory conditions to a continuous process at industrial
scale. The scale-up estimates for membrane surface area were conducted using the empirical
three-degree polynomial model and linear model described in chapter 5.2.5, in which the
permeate fluxes of the water and 1-propnaol are presented as a function of the water content

of the feed solution.

The model was fitted in Excel based on the experimental data from tests 1 and 2. Figures 22.
and 23. present the fitted models for test 1 and test 2, respectively. The fitting coefficients
are presented in Table VI and Table VII.
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Figure 22. Test 1 model
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Model 2 (100 °C)
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Figure 23. Test 2 model
Table VI. Water flux fitting coefficients in the models
a b c d R?
Model 1 (130°C) 0.771 0.613 0.964 0.071 0.9998
Model 2 (100 °C) 2.5383 -4.5277 3.3846 -0.3858 1.000
Table VII. 1-propanol flux fitting coefficients in the models
a b R?
Model 1 (130 °C) 0.076 0.027 0.996
Model 2 (100 °C) 0.025 0.019 0.923

The industrial-scale performance of the pervaporation process was evaluated using the de-

veloped models, which allowed estimation of the composition of both permeate and retentate

streams. The flow diagrams showing the composition of each stream is presented in Figure

24. for 130 °C and Figure 25. for 100 °C.
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Figure 24. Industrial sized scale-up for model 1
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~99.94 wt.% 1-PrOH

RETENTATE OUT

PERMEATE OUT
~94.0 wt.% H,0
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Figure 25. Industrial sized scale-up for model 2

~0.23 wt.% H,0
~99.77 wt.% 1-PrOH

Solvent losses calculated from permeate compositions are low in both models: 0.09 wt.%

for model 1 (130 °C) and 0.05 wt.% for model 2 (100 °C). This is a key improvement com-

pared to azeotropic distillation, where solvent losses are considerably higher.
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6.3.1 Effect of feed flow rate

The influence of feed flow rate on the required membrane surface area was examined. Figure
26. presents the feed flow rate as function of membrane area required to achieve maximum

1-propanol purity (0.06 wt.% H20 for model 1 and 0.23 wt.% H>O for model 2).
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Figure 26. Effect of feed flow rate to membrane surface area

The change in feed flow rate affects linearly the required membrane surface area, which
confirms that the feed flow rate is a critical parameter in designing the industrial pervapora-
tion system. Mass balances were modelled for three different feed flow rates: 400, 600, and

800 kg/h. The results for both test conditions are summarized in Tables VIII and IX.

Table VII. Mass balances for industrial pervaporation application for model 1 (130 °C)

Feed IN Retentate OUT Permeate OUT
400 kg/h 395.9 kg/h 4.1 kg/h
600 kg/h 593.8 kg/h 6.2 kg/h

800 kg/h 791.8 kg/h 8.2 kg/h
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Table IX. Mass balances for industrial pervaporation application for model 2 (100 °C)

Feed IN Retentate OUT Permeate OUT
400 kg/h 396.7 kg/h 3.3 kg/h
600 kg/h 595.1 kg/h 4.9 kg/h
800 kg/h 793.4 kg/h 6.6 kg/h

The results demonstrate that pervaporation achieves efficient solvent recovery with minimal
losses. This high recovery reduces waste and lowers operating costs, highlighting the eco-
nomic advantage over azeotropic distillation. Furthermore, the linear relationship observed
between feed flow rate and required membrane surface area allows for predictable and

straightforward scaling of the system.

6.3.2 Effect of water content in the final product

The influence of the water content in the final product on the required membrane surface
area was evaluated using the scale-up models. Figure 27. illustrates the relationship between

the final water content and the membrane area necessary to achieve it.
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Figure 27. Effect of water content in the final product to membrane surface area
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The results indicate that the required membrane area decreases exponentially as the water
content in the final product increases. In addition, the higher temperature condition (130 °C)
generally requires a smaller membrane area compared to 100 °C, due to larger driving force,
thus higher permeation flux. Optimizing the desired water content is therefore important, as
it has a direct and significant impact on the membrane area, which has a straight influence

on the system’s capital costs.

Finally, it is important to recognize that the scale-up model assumes that the separation per-
formance observed at laboratory scale can be scaled up using the same operating principles.
The model also neglects factors such as membrane fouling, aging, and non-ideal flow distri-
bution, which can impact performance on an industrial scale. Therefore, the scale-up esti-
mates should be considered preliminary and indicative. Further detailed testing and valida-

tion are necessary in industrial environments.

6.4 Energy consumption

The energy consumption of the pervaporation process was evaluated to estimate the feasi-
bility and efficiency of integrating membrane technology into the existing 1-propanol-water
separation system. The energy analysis was done with a feed flow rate of 600 kg/h, which

corresponds to average industrial process conditions.

The main contributors to energy consumption are the energy required to heat the feed solu-
tion to the operating temperature and the energy needed to maintain this temperature during
pervaporation. Thermal losses to the environment, as well as energy consumption by auxil-
iary equipment such as pumps, condenser and other process components were not included

in this calculation.

The heating energy was calculated based on the temperature difference between the distillate
from the first distillation column and the pervaporation operating temperature. Since the
distillate temperature is approximately 55 °C, the feed does not need to be heated from am-
bient temperature, which reduces the overall heating energy demand. The energy required
to maintain the pervaporation process corresponds primarily to the latent heat needed for

vaporizing water from the feed.
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The total energy demand (Qdemand) Was obtained by summing the energy needed for heating
(Ohear) and water vaporization energy (Qvap), in kWh. Additionally, the specific energy con-
sumption per kilogram of pure 1-propanol produced (E) was calculated. Results are pre-

sented in Table X.

Table X. Energy consumption of the membrane module

Test 1 (130 °C) Test 2 (100 °C)
Ohear [kJ/h] 109000 65300
Ovap [kJ/h] 13500 11100
Qudemand [KWh] 34.0 21.2
E [KWh/kg1-pron] 0.057 0.036

As expected, test 1 operating at a higher temperature requires substantially more heating
energy compared to test 2. However, the vaporization energy remains relatively similar due
to comparable permeate water fluxes. The total energy demand for test 1 is therefore approx-

imately 60 % higher than test 2.

When normalizing energy consumption per unit mass of pure 1-propanol produced, test 2
shows better energy efficiency, with 0.036 kWh/kg compared to 0.057 kWh/kg for test 1.
This suggests that operating at lower temperature reduces overall energy consumption,
which is advantageous from both economic and environmental perspectives. However, op-
erating at lower temperatures leads to a larger membrane area required and higher investment
costs. If the water content of 0.23 wt.% achieved in test 2 is sufficient for product quality

specifications, the lower-temperature conditions may still be preferable overall.

In comparison, azeotropic distillation is generally more energy-intensive than pervaporation
due to the high latent heat demands of repeated vaporization-condensation cycles, as well as
the use of entrainers or additional separation stages. A rough generally calculated estimate
of the specific energy consumption for producing one kilogram of pure 1-propanol via aze-
otropic distillation is 0.32 kWh/kg, in addition to the energy required for vaporization of the
entrainer. In pervaporation, after the initial pre-heating, the only significant thermal energy
requirement is for vaporizing a relatively small fraction of water. Therefore, the results here
suggest that membrane-based pervaporation can offer substantial energy savings over azeo-

tropic distillation, especially with 100 °C feed temperature.
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Future research should include a more detailed energy and economic analysis that integrates
the membrane unit into the full process flowsheet. This would allow assessment of capital
and operating costs, membrane lifetime, and maintenance requirements, providing more
comprehensive evaluation of the technology’s viability. In addition, the energy consumption
of the current process should be monitored in order to obtain a more thorough comparison

between the two technologies.

6.5 Final proposal and review

As was previously concluded, the two-column distillation system currently used in the puri-
fication process cannot be completely replaced by membrane separation. However, it was
proven by laboratory experiments to theoretically be possible to replace the second one of
the columns, which is used to break down the azeotropic mixture, with a pervaporation de-
hydration unit. As a result, a hybrid separation process, shown in Figure 28. was designed
that combines traditional distillation and pervaporation. The aim of this design is to produce
anhydrous 1-propanol without the use of an entrainer, which improves the sustainability of
the process and simplifies product purification. The elimination of the entrainer also reduces

the need for solvent recovery steps and minimizes the risk of product contamination.

The configuration is based on Pervatech’s practical recommendations for industrial-scale
operation and reflects the expected performance based on laboratory-scale pervaporation
experiments. The layout aims to minimize energy consumption by limiting distillation duties

and maximizing the efficiency of membrane separation.
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Figure 28. Final process configuration proposal combining distillation and membrane sepa-

ration

The flowsheet in Figure 28. illustrates the proposed hybrid separation process for 1-propanol
and water, in which conventional distillation is followed by membrane-based dehydration.
The distillation column separates the feed into bottom products and a top stream that contains
water and 1-propanol. This overhead stream is collected in vessel 1 and fed into the mem-
brane separation system (MSS). Importantly, this stream does not require additional cooling,
which reduces overall energy demand. The MSS covers all the components used in pervapo-
ration. MSS removes water as permeate under vacuum, while the retentate, which is rich in
1-propanol is collected in vessel 2. This design enables the recovery of 1-propanol without
the use of an entrainer. The membrane unit thereby acts as an energy-efficient finishing step
that upgrades the distillation top stream to the desired purity. The permeate still contains
some 1-propanol, and to recover the left solvent can be, for example, recycled back to the

first distillation column.

One of the main motivations for exploring a membrane-based alternative to the azeotropic
distillation in this thesis was to evaluate whether the environmental footprint of the 1-
propnaol dehydration process could be reduced. A key environmental benefit of the proposed
hybrid configuration is the avoidance of an additional chemical entrainer, especially since it
is a VOC. VOCs are typically flammable, toxic or otherwise harmful to health and the envi-
ronment. This aligns with the principles of green engineering, which promote the reduction

of additional solvents and improved process safety.
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Energy efficiency is another important environmental aspect. Distillation is a highly energy-
intensive separation method, especially when separating azeotropic mixtures. The designed
hybrid process reduces the required distillation duty by using pervaporation to achieve the
final dehydration step. Therefore, the hybrid system may help to reduce the carbon footprint
of the overall process, especially when zero-carbon electricity is available. In addition, the
membrane separation process does not involve phase change of the entire liquid mixture,
unlike distillation, which further improves its energy efficiency. Finally, reducing the pro-
cess complexity and the number of chemical inputs improves the overall safety and environ-
mental robustness of the operation. With fewer hazardous substances and lower thermal en-

ergy requirements, the risk of accidents and emissions is reduced.

However, it is also important to recognize and discuss the technical and economic challenges
of integrating pervaporation technology into the existing process. Firstly, the durability of
the membrane material under industrial conditions is crucial. The membrane is constantly
exposed to high temperature, which can cause damage to it. If solid particles happen to reach
the membrane surface and cause clogging, it will reduce the selectivity and flux of the mem-
brane, which directly affects the efficiency and continuity of the process. For these reasons,
regular maintenance, cleaning, or replacement of the membranes is necessary, which comes

with more operational costs and can cause interruptions in operation.

Secondly, the investment and implementation costs of this kind of pervaporation system can
be significant compared to the azeotropic distillation process. Although energy consumption
is lower in pervaporation, the purchase and maintenance of membrane modules and other
additional equipment requirements affect the overall costs. Pervaporation is not a cheap tech-
nology. Therefore, a comprehensive cost-benefit analysis is necessary before large-scale im-

plementation can be considered.

Thirdly, integrating the process into the existing production line requires careful planning.
Adapting the adjustment and control systems to the pervaporation unit is an essential part of
implementation to ensure that the process remains stable and produces required quality. In-
tegration may also involve layout solutions, shutdown during implementation as well as staff
training in the new technology. In addition, the technical support provided by suppliers is
critical to ensure successful implementation. The selection of suppliers and cooperation with

them has a significant impact on membrane performance and process continuity.
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Overall, managing these risks requires a systematic pilot phase, in which the suitability of
the membrane material and the compatibility of the process components are tested on pilot
scale before industrial implementation. Pilot testing also helps to identify potential process
bottlenecks and verify model-based performance predictions in real operating conditions.
This ensures that potential benefits of pervaporation in terms of energy savings and process
simplification can be achieved in practice. When properly managed, this kind of hybrid pro-
cess represents a viable and future-oriented alternative to the conventional azeotropic distil-

lation process.

7  Conclusions

The purpose of this work was to explore the possibilities of utilizing membrane technology
for water removal from organic solvents. The main objective was to investigate the effec-
tiveness of pervaporation technology compared to azeotropic distillation employed at Raisio
Nutrition in the separation of 1-propanol and water. With a comprehensive approach com-
bining literature review, laboratory tests, and process modeling, this thesis successfully ful-
filled its research objectives and provided valuable insights into the suitability of pervapo-
ration for industrial solvent dehydration. Pervaporation was proven to be technically suitable
and with careful process design and optimization potentially feasible to replace the azeo-

tropic distillation unit in the Raisio Nutrition’s solvent purification process.

Pervaporation is a membrane-based separation process that combines selective permeation
through a membrane with evaporation, driven by the partial pressure gradient of the perme-
ating species. Hydrophilic pervaporation membranes were found to be particularly effective
for dehydration of solvent mixtures with low water content. The inorganic-organic hybrid
silica HybSi® AR membrane, provided by Pervatech, was selected for experimental testing.
Laboratory-scale tests were conducted at two operating temperatures, 130 °C and 100 °C to
evaluate the influence of temperature on separation performance and to generate data for

scale-up modeling.
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The experimental results demonstrated that the HybSi® AR membrane achieved high dehy-
dration performance. At 130 °C, the water content in the permeate was reduced to 0.06 wt.%,
while at 100 °C the final water content was 0.23 wt.%. The maximum acceptable water con-
tent of 0.5 wt.% was accomplished in shorter time with temperature of 130 °C. Higher sep-
aration efficiency was also obtained at the higher temperature. Operating at a lower temper-
ature presented clear benefits in terms of reduced energy demand but had larger membrane
area requirements. However, using a lower temperature may be a more favorable option
from both economic and environmental perspectives, assuming that the slightly higher water

content remains within acceptable limits for intended solvent reuse.

A hybrid distillation-pervaporation system was proposed. A key advantage observed was the
low solvent loss during membrane separation. Only 0.09 wt.% was estimated to be lost at
130 °C and 0.05 wt.% at 100 °C. This is a substantial improvement compared to the azeo-
tropic distillation process, where solvent losses are considerably higher. Moreover, pervapo-
ration eliminates the need for entrainer chemicals, thereby simplifying the process, reducing
material costs, and minimizing the associated environmental burden. Energy integration is
also feasible: the heat from the upstream distillation column can be utilized to preheat the
feed to the membrane system, reducing the external heating requirement and further enhanc-

ing the energy efficiency of the overall process.

Despite the promising results, several challenges must be addressed before industrial-scale
implementation can be considered. Potential membrane fouling, the long-term durability of
the membrane under continuous operation, and cleaning protocols are critical areas requiring
further investigation. Pilot-scale testing under real process conditions is necessary to validate
membrane performance, assess operational stability, and identify possible scale-up limita-

tions.

For future research, a more comprehensive energy and cost analysis is strongly recom-
mended to support decision-making. Additionally, monitoring the energy consumption of
the current azeotropic distillation system would provide a more accurate basis for compari-
son. Exploration of alternative membrane materials may reveal options with enhanced per-
formance or cost-effectiveness. In conclusion, the results of this study suggest that pervapo-
ration, particularly with HybSi® AR membranes, is a technically and theoretically viable
alternative to azeotropic distillation for the dehydration of 1-propanol. With further devel-

opment, particularly in terms of operational validation and cost analysis, pervaporation holds
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strong potential for replacing the current separation technology at Raisio Nutrition, thereby

improving process sustainability and efficiency.

References

ACS American Chemical Society (2025) 12 Principles of Green Chemistry. Retrieved [Aug

19, 2025] Available at: https://www.acs.org/green-chemistry-sustainability/principles/12-

principles-of-green-chemistry.html.

Baker RW(W. (2012) Membrane Technology and Applications. Chichester, U.K: Wiley.

Bowen TC, Noble RD & Falconer JL (2004) Fundamentals and applications of pervapora-

tion through zeolite membranes. Journal of Membrane Science 245(1): 1-33.

Burshe MC, Sawant SB, Joshi JB & Pangarkar VG (1997) Sorption and permeation of binary
water-alcohol systems through PVA membranes crosslinked with multifunctional crosslink-

ing agents. Separation and Purification Technology 12(2): 145-156.

Cannilla C, Bonura G & Frusteri F (2017) Potential of Pervaporation and Vapor Separation
with Water Selective Membranes for an Optimized Production of Biofuels—A Review. Cat-

alysts 7(6): 187.

Chang K, Yoshioka T, Kanezashi M, Tsuru T & Tung K (2010) A molecular dynamics sim-
ulation of a homogeneous organic—inorganic hybrid silica membrane. Chemical Communi-

cations (Cambridge, England) 46(48): 9140-9142.

Clarke CJ, Tu W, Levers O, Brohl A & Hallett JP (2018) Green and Sustainable Solvents in
Chemical Processes. Chemical Reviews 118(2): 747-800.

Cortel C, Flordeliza KO, Galvez SRA, Magalong MA, Mendoza TMG & Rubi RVC (2024)
Recent Trends in Azeotropic Mixture Separation: A Comprehensive Review. Engineering

Proceedings 67(1): 56.

Cseri L, Razali M, Pogany P & Szekely G (2018) Chapter 3.15 - Organic Solvents in Sus-
tainable Synthesis and Engineering. In: Torok B & Dransfield T (eds) Green Chemistry. :
Elsevier Inc, 513-553.


https://www.acs.org/green-chemistry-sustainability/principles/12-principles-of-green-chemistry.html
https://www.acs.org/green-chemistry-sustainability/principles/12-principles-of-green-chemistry.html

67

Davey C, Leak D & Patterson D (2016) Hybrid and Mixed Matrix Membranes for Separa-

tions from Fermentations. Membranes (Basel) 6(1): 17.
De Meis D. (2017) Overview on Porous Inorganic Membranes for Gas Separation.

DeltaMem AG (2025) Pervaporation. Retrieved [Jun 13, 2025] Available at:

https://www.deltamem.ch.

Fan Z, Tang K, Xu Z, Zhang L & Zhang G (2018) Highly Efficient Membrane-based Tech-
niques in Separation of Harsh Mixtures. IOP Conference Series: Earth and Environmental

Science 208(1): 012050.

Farhan NM, Ibrahim SS & Alsalhy QF (2023) A new PERVAPTM membrane to enhance
the dehydration of isopropanol by pervaporation. South African Journal of Chemical Engi-

neering 45: 269-282.

Feng C, Khulbe KC, Matsuura T, Farnood R & Ismail AF (2015) Recent Progress in Zeo-
lite/Zeotype Membranes. Journal of Membrane Science and Research 1(2): 49-72.

Gerbaud V, Rodriguez-Donis I, Hegely L, Lang P, Denes F & You X (2019) Review of
extractive distillation. Process design, operation, optimization and control. Chemical Engi-

neering Research & Design 141: 229-271.

Guo Y & Wang L (2019) Research Progress on Azeotropic Distillation Technology. Ad-

vances in Chemical Engineering and Science 09(04): 333.

Hasegawa Y, Abe C & lkeda A (2021) Pervaporative Dehydration of Organic Solvents Us-
ing High-Silica CHA-Type Zeolite Membrane. Membranes (Basel) 11(3): 229.

Heydari H, Salehian S, Amiri S, Soltanieh M & Musavi SA (2023) UV-cured polyvinyl
alcohol-MXene mixed matrix membranes for enhancing pervaporation performance in de-

hydration of ethanol. Polymer Testing 123: 108046.

Hieu NH & Duy NNP (2017) Fabrication, Characterisation, and Pervaporation Performance
of Graphene/Poly(Vinyl Alcohol) Nanocomposite Membranes for Ethanol Dehydration.
Chemical Engineering Transactions 56: 1693—1698.

Hua Y, Park S & Jeong H (2024) Redefining progress, challenges, and future opportunities
of mixed-matrix membranes from an engineering perspective for commercial gas separation

applications: A review. Journal of Environmental Chemical Engineering 12(5): 113753.


https://www.deltamem.ch/

68

Huang Z, Ru X, Guo Y, Zhu Y & Teng L (2019a) PVA/H- zeolite mixed matrix membranes
for pervaporation dehydration of isopropanol-water mixtures. Membrane Water Treat-

ment 10(2): 165-178.

Huang Z, Ru X, Guo Y, Zhu Y & Teng L (2019b) Poly(vinyl alcohol)/ZSM-5 zeolite mixed
matrix membranes for pervaporation dehydration of isopropanol/water solution through re-

sponse surface methodology. Chemical Engineering Research and Design 144: 19-34.

Hybsi (2025) Hybsi® — TNO Presents the Revolutionary HybSi Membrane. Retrieved [Jun
4, 2025] Available at: https://www.hybsi.com/.

Iftikhar S, Aslam Z, Ali U & Akhtar A (2022) Comparison among various configurations of
hybrid distillation—membrane setups for the energy efficiency improvement of bioethanol
distillery: a simulation study. Journal of Chemical Technology and Biotechnology (1986)
97(4): 860—872.

Imad M & Castro-Muiioz R (2023) Ongoing Progress on Pervaporation Membranes for Eth-
anol Separation. Membranes (Basel) 13(10): 848.

Ismail AF & Rahman MbA (2016) Silica Membrane. In: Drioli, E., Giorno, L. (ed) Ency-
clopedia of Membranes. : Springer, Berlin, Heidelberg, 1774—1776.

Jin'Y, Xie Y, Zhu H, Nan J, Xiangli F, Liu G & Jin W (2025) Fabrication of novel mixed-
matrix membrane and its pervaporation process integration with distillation for energy-sav-
ing separation of DMC/methanol azeotropic mixture. Journal of Membrane Science 716:

123520.

Jonquieres A, Clément R, Lochon P, Néel J, Dresch M & Chrétien B (2002) Industrial state-
of-the-art of pervaporation and vapour permeation in the western countries. Journal of Mem-

brane Science 206(1): 87-117.

Joshi DR & Adhikari N (2019) An Overview on Common Organic Solvents and Their Tox-

icity. Journal of Pharmaceutical Research International: 1-18.

Khan MN, Boorsma E, Vandezande P, Lammerink I, Lange Rd, Buekenhoudt A & Van Dael
M (2025) Unlocking the Benefits of Hybrid and Standalone Pervaporation for Sustainable
Isopropanol Dehydration with HybSi® AR Membranes. Membranes 15(8): 224.

Kister HZ. (1992) Distillation Design. : McGraw-Hill.


https://www.hybsi.com/

69

Klinov AV, Akberov RR, Fazlyev AR & Farakhov MI (2017) Experimental investigation
and modeling through using the solution-diffusion concept of pervaporation dehydration of

ethanol and isopropanol by ceramic membranes HybSi. Journal of Membrane Science 524:

321-333.

Kreis P & Gorak A (2006) Process analysis of hybrid separation processes : Combination of
distillation and pervaporation. Chemical Engineering Research & Design 84(7): 595-600.

Lei Z, Li C & Chen B (2003) Extractive Distillation: A Review. Separation and Purification
Reviews 32(2): 121-213.

LiJ, Lei Z, Ding Z, Li C & Chen B (2005) Azeotropic Distillation: A Review of Mathemat-
ical Models. Separation and Purification Reviews 34(1): 87—129.

Liu G & Jin W (2021) Pervaporation membrane materials: Recent trends and perspectives.

Journal of Membrane Science 636: 119557.

Liu S, Zhou G, Cheng G, Wang X, Liu G & Jin W (2022) Emerging membranes for separa-
tion of organic solvent mixtures by pervaporation or vapor permeation. Separation and Pu-

rification Technology 299: 121729.

Mahdi T, Ahmad A, Nasef MM & Ripin A (2015) State-of-the-Art Technologies for Sepa-

ration of Azeotropic Mixtures. Separation and Purification Reviews 44(4): 308-330.

Mary NY (1969) Comparative study of a direct and a new indirect gas-liquid chromato-
graphic procedure for the estimation of water in natural products. Journal of Chromatog-

raphyA42:411-414.

Medeiros ABP, Karp JR, da Silva VRS, Rossi C & Neto MAM (2019) Pervaporation: Fun-
damentals and applications. In: Garcia J (ed) Pervaporation, Process, Materials and Appli-

cations. New York: Nova Science Publishers.

Mitsubishi Chemical Group (2025) Zeolite Membrane "ZEBREX™ (Organic Solvent De-
hydration)". Retrieved [Jun 13, 2025] Available at: https://www.m-chemical.co.jp/en/prod-

ucts/departments/mcc/ion/product/1201038_8072.html.

Mohammadi T, Aroujalian A & Bakhshi A (2005) Pervaporation of dilute alcoholic mixtures
using PDMS membrane. Chemical Engineering Science 60(7): 1875-1880.


https://www.m-chemical.co.jp/en/products/departments/mcc/ion/product/1201038_8072.html
https://www.m-chemical.co.jp/en/products/departments/mcc/ion/product/1201038_8072.html

70

Moriyama N, Kawano Y, Wang Q, Inoue R, Guo M, Yokoji M, Nagasawa H, Kanezashi M
& Tsuru T (2021) Pervaporation via silicon-based membranes: Correlation and prediction

of performance in pervaporation and gas permeation. AIChE Journal 67(7): n/a.

MTR Inc. (2025) Solvent & Alcohol Dehydration Solutions. Retrieved [Jun 13, 2025] Avail-

able at: https://www.mtrinc.com/dehydration/solvent-dehydration/.

Mulder M. (2012) Basic Principles of Membrane Technology. : Springer.

PERVAP™ (2025) Hydrophilic Membranes. Retrieved [Jun 13, 2025] Available at:
https://pervap.com/hydrophilic.

Pervatech B.V. (2025) Solvent Recovery at Pervatech. [Pervatech|Retrieved [Jun 13, 2025]

Available at: https://pervatech.com/solvent-recovery.

Peters T, Benes N, Buijs H, Vercauteren F & Keurentjes J (2006) Thin high flux ceramic-
supported PVA membranes. Desalination 200(1): 37-39.

Rajawat A, Subramanian S & Ramakrishna S (2020) Progress on Silica Pervaporation Mem-

branes in Solvent Dehydration and Solvent Recovery Processes. Materials 13(15): 3354.

Ren D, Ren S, Lin Y, Xu J & Wang X (2021) Recent developments of organic solvent re-

sistant materials for membrane separations. Chemosphere (Oxford) 271: 129425.

Selomon A, Martinez-Izquierdo L, Malankowska M, Téllez C & Coronas J (2021)
Poly(ether- block -amide) Copolymer Membranes in CO 2 Separation Applications. Energy
& Fuels XXXX.

Shan M, Geng X, Imaz I, Broto-Ribas A, Ortin-Rubio B, Maspoch D, Ansaloni L, Peters
TA, Tena A, Boerrigter ME, et al. (2024) Metal- and covalent-organic framework mixed

matrix membranes for CO2 separation: A perspective on stability and scalability. Journal of

Membrane Science 691: 122258.

Shi GM, Hua D & Chung TS (2019) Pervaporation and Vapor Separation. In: Ismail AF,
Rahman MA, Othman MHD & Matsuura T (eds) Membrane Separation Principles and Ap-

plications - from Material Selection to Mechanisms and Industrial Uses. Chantilly: Elsevier.

Sholl DS & Lively RP (2016) Seven chemical separations to change the world. Nature (Lon-
don) 532(7600): 435-437.


https://www.mtrinc.com/dehydration/solvent-dehydration/
https://pervap.com/hydrophilic
https://pervatech.com/solvent-recovery

71

Sokolova MP, Bugrov AN, Smirnov MA, Smirnov AV, Lahderanta E, Svetlichnyi VM &
Toikka AM (2018) Effect of Domain Structure of Segmented Poly(urethane-imide) Mem-
branes with Polycaprolactone Soft Blocks on Dehydration of n-Propanol via Pervaporation.

Polymers 10(11): 1222.

Tao T, Chang C, Kang Y, Chen J & Kang D (2020) Enhanced pervaporation performance
of zeolite membranes treated by atmospheric-pressure plasma. Journal of the Taiwan Insti-

tute of Chemical Engineers 116: 112-120.

Teleman D, Kreis P, Lauterback S, Teodosiu C & Balasanian I (2022) Optimal operational
conditions for the pervaporation of a binary combination of water/ 1-propanol and water/1-

propanol/propionic acid ternary combination.

Toth AJ (2022) N-Propanol Dehydration with Distillation and Pervaporation: Experiments
and Modelling. Membranes 12(8): 750.

Toutianoush A, Krasemann L & Tieke B (2002) Polyelectrolyte multilayer membranes for
pervaporation separation of alcohol/water mixtures. Colloids and Surfaces A: Physicochem-

ical and Engineering Aspects 198-200: 881-889.

Vane LM (2020) Review of pervaporation and vapor permeation process factors affecting
the removal of water from industrial solvents. Journal of Chemical Technology and Biotech-

nology (1986) 95(3): 495-512.

Vane LM (2019) Review: membrane materials for the removal of water from industrial sol-
vents by pervaporation and vapor permeation. Journal of Chemical Technology and Biotech-

nology (1986) 94(2): 343-365.

Vane LM (2013) Pervaporation and Vapor Permeation Tutorial: Membrane Processes for
the Selective Separation of Liquid and Vapor Mixtures. Separation Science and Technology

48(3): 429-437.

Vooradi R, Venkata SP, Tula A, Sarath BA, Eden M & Gani R (2018) Hybrid Separation
Scheme for Azeotropic Mixtures —Sustainable Design Methodology. Chemical Engineering

Transactions 69: 637-642.



72

Wang J, Huang Z, Zhu Y & Wang SN (2023) Poly(vinyl alcohol)/ZSM-5 zeolite mixed
matrix membranes for pervaporation dehydration of ethanol and n-propanol. Turkish Journal

of Chemistry 47(6): 1389-1406.

Wang Y, Wang X, Guan J, Yang L, Ren Y, Nasir N, Wu H, Chen Z & Jiang Z (2019) 110th
Anniversary: Mixed Matrix Membranes with Fillers of Intrinsic Nanopores for Gas Separa-

tion. Industrial & Engineering Chemistry Research 58(19): 7706—7724.

WuY,MengD, Yao D, Liu X, Xu Y, Zhu Z, Wang Y & Gao J (2020) Mechanism Analysis,
Economic Optimization, and Environmental Assessment of Hybrid Extractive Distillation—

Pervaporation Processes for Dehydration of n-Propanol. ACS Sustainable Chemistry & En-
gineering 8(11): 45614571



Appendix I. Laboratory measurements data

Table I. Analysis data for test 1 (130 °C) (P = permeate sample; R = retentate sample; sp =

rinse sample)

Sample Mass (g) Water content
Ist (Wt.%) 2nd (wt.%) | 3rd (wt.%) | Average
(wWt.%)
P1.00 10.52 12.74 % 13.32% 12.53 % 12.86 %
P1.0 10.26 15.14 % 14.90 % 14.81 % 14.95 %
P1.1 98.70 93.48 % 91.74 % 90.49 % 91.90 %
P1.2 81.29 98.34 % 98.14 % 98.24 %
P1.3 52.97 99.63 % 98.49 % 99.06 %
P1.4 36.99 97.97 % 98.92 % 98.45 %
P1.5 21.69 96.68 % 97.29 % 96.99 %
P1.6 21.50 95.71 % 96.74 % 95.98 % 96.14 %
P1.7 8.17 94.06 % 93.20 % 93.63 %
P1.8 4.58 90.56 % 90.94 % 90.75 %
P1.9 4.75 84.74 % 83.92 % 85.07 % 84.58 %
P1.10 1.87 82.99 % 82.45 % 82.72 %
R1.1sp 7.62 6.19 % 6.22 % 6.21 %
R1.1 7.27 1.48 % 1.52 % 1.50 %
R1.2sp 9.05 0.40 % 0.43 % 0.42 %
R1.2 7.85 0.18 % 0.18 % 0.17 % 0.18 %
R1.3sp 9.14 0.11 % 0.11 % 0.11 %
R1.3 9.44 0.07 % 0.07 % 0.07 %
R1.4sp - 0.08 % 0.08 % 0.08 %
R1.4 - 0.07 % 0.06 % 0.06 % 0.06 %




Table II. Analysis data for test 2 (100 °C) (P = permeate sample; R = retentate sample; sp =

rinse sample)

Sample Mass (g) Water content
Ist (Wt.%) 2nd (wt.%) | 3rd (wt.%) | Average
(Wt.%)
P2.00 8.55 13.25 % 13.19 % 13.22 %
P2.0 18.58 15.65 % 15.83 % 15.07 % 15.52 %
P2.1 44.89 93.93 % 93.13 % 92.24 % 93.10 %
P2.2 61.14 98.89 % 98.11 % 98.50 %
P23 56.33 99.31 % 98.93 % 99.12 %
P2.4 67.95 99.27 % 96.94 % 100.03 % 98.75 %
P2.5 49.22 96.84 % 99.48 % 97.70 % 98.01 %
P2.6 30.63 96.14 % 96.66 % 97.29 % 96.70 %
P2.7 16.65 97.45 % 96.66 % 97.06 %
P2.8 7.85 95.25 % 93.62 % 94.44 %
P2.9 6.57 92.31 % 93.96 % 93.14 %
P2.10 3.99 89.52 % 88.72 % 89.12 %
R2.1sp 5.8 8.33% 8.31 % 8.32%
R2.1 8.13 1.64 % 1.66 % 1.65 %
R2.2sp 5.83 0.76 % 0.77 % 0.77 %
R2.2 5.82 0.46 % 0.46 % 0.46 %
R2.3sp 17.7 0.84 % 0.84 % 0.84 %
R2.3 12.28 0.25 % 0.25% 0.25 %
R2.4sp - 0.23 % 0.23 % 0.23 %
R2.4 - 0.23 % 0.22 % 0.23 % 0.23 %




Appendix II. Mass balances

Table L Test 1 (130 °C)

Time | PERMEATE RETENTATE FEED LEFT
[min] | m to- |m wat | m org | m to- | m wat | m org | m to- | m wat | m org
tal [g] |er[g] |[g] tal [g] |er[g] |[g] tal [g] |er[g] |[g]
2 98.70 | 90.71 | 7.99 0 0 0 1989.5 [ 229.5 | 1760.0
10 81.29 | 79.86 | 1.43 0 0 0 1908.2 | 149.6 | 1758.6
18 52.97 |52.47 |0.50 0 0 0 1855.2 1 97.2 1758.1
25 36.99 |36.41 |0.58 0 0 0 1818.2 | 60.7 1757.5
32 21.69 |21.04 |0.65 0 0 0 1796.5 | 39.7 1756.8
43 21.50 |20.67 |0.83 14.89 | 0.58 1431 | 1760.2 | 18.5 1741.7
53 8.17 7.65 0.52 0 0 0 1752.0 | 10.8 1741.2
63 4.58 4.16 0.42 0 0 0 1747.4 | 6.7 1740.7
90 4.75 4.02 0.73 16.90 | 0.05 16.85 | 1725.8 | 2.6 1723.2
105 1.87 1.55 0.32 18.58 | 0.02 1856 |[1705.3 | 1.0 1704.3
Table II. Test 2 (100 °C)
Time | PERMEATE RETENTATE FEED LEFT
[min] | m to- | m wat | m org | m to- | m wat | m org | m to- | m wat | m_org
tal [g] |er[g] |[g] tal [g] |er[g] |I[g] tal [g] |er[g] | [g]

2 4489 |41.79 |3.10 0 0 0 2051.9 | 298.7 | 1753.2
10 61.14 |60.22 |0.92 0 0 0 1990.7 | 238.4 | 1752.3
18 56.33 | 55.83 | 0.50 0 0 0 1934.4 | 182.6 | 1751.8
30 6795 | 67.10 |0.85 0 0 0 1866.5 | 115.5 | 1750.9
45 49.22 |48.24 |0.98 0 0 0 1817.2 | 67.3 1750.0
60 30.63 |29.62 | 1.01 0 0 0 1786.6 | 37.7 1749.0
75 16.65 | 16.16 | 0.49 13.93 |0.62 13.31 | 1756.0 | 20.9 1735.2
90 7.85 7.41 0.44 0 0 0 1748.2 | 13.5 1734.7
110 6.57 6.12 0.45 11.65 |0.07 11.58 |1730.0 | 7.3 1722.7
138 3.99 3.56 0.43 2998 |0.18 29.80 |1696.0 | 3.5 1692.5




