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Abstract

Although membrane distillation (MD) has several advantages over conventional recovery
techniques, it is used in the industry to a limited extent due to a couple of drawbacks such
as fouling, uncertainties regarding operational costs and breakthrough. The latter, which
is the phenomenon where the membrane gets wetted by the solvent, undermines the
working principle of MD as the feed solvent no longer gets retained at the retentate side
of the membrane. As to prevent this from happening, the transmembrane pressure must
be kept below a critical threshold, generally called the liquid entry pressure (LEP). So far,
a couple of empirical equations have been proposed which obtained an average deviation
of 25.0% at best. Within this research, the most recent LEP correlation by Hereijgers et al.
(2015) was evaluated for aqueous solutions, containing organic components (i.e.
methanol, ethanol, acetone, acetic acid and acetonitrile), using a membrane
microcontactor. Four different parameters were evaluated, resulting in a positive relation
with the LEP for both the contact angle (0) and the surface tension (y.), while the
concentration and the Kamlet-Taft polarity factors showed a negative relation with the
LEP. All of this resulted in a proposed correlation to predict the maximum allowable
pressure with an average deviation of 24,53%: LEP=-0.0459 y. cos (6+0.937).

Additionally, a vacuum membrane distillation (VMD) experiment was performed and
possible improvements to enhance the performance of the setup were discussed.






Abstract in Dutch

Desondanks dat membraan destillaties (MD) verschillende voordelen heeft ten opzichte
van conventionele zuiveringstechnieken, wordt het slechts in beperkte maten gebruikt in
de industrie ten gevolgen van enkele nadelen zoals vervuilingen, onzekerheden omtrent
productie kosten en doorslag. Dit laatste nadeel, ook gekend als het fenomeen waarbij het
membraan bevochtigd wordt, ondermijnt het werkingsprincipe van MD doordat de
voedingsstroom niet langer tegengehouden aan de retentaat zijde van het membraan. Om
dit te voorkomen moet het drukverschil over het membraan onder een kritische grens
gehouden worden, die ook wel de liquid entry pressure (LEP) genoemd wordt. Tot dusver
zijn er reeds een aantal empirische vergelijkingen voorgesteld die, in het beste geval, een
gemiddelde afwijking van 25.0% gaven. In dit onderzoek wordt de meest recente
vergelijking, Hereijgers et al. (2015), geévalueerd voor waterige mengsels die steeds een
organische component bevatten (zoals methanol, ethanol, azijnzuur, aceton en
acetonitril) met behulp van een membraan microcontactor. Hierbij werden vier
verschillende parameters geévalueerd, wat tot resultaat had dat de LEP een evenredig
verband toonde met de contacthoek (0) en de oppervlakte spanning (yL), terwijl een
omgekeerd evenredig verband aangetoond kon worden met zowel de concentratie van de
organische component als met de Kamlet-Taft polariteitsfactor. Dit alles resulteerde in
een voorgestelde vergelijking voor het voorspellen van de LEP, dewelke een gemiddelde
afwijking vertoonde van 24.53%: LEP=-0.0459 yL cos (0+0.937).

Aanvullend werd er nog een vacuiim membraan destillatie uitgevoerd en werd deze
opstelling geévalueerd en besproken voor mogelijke prestatieverbeteringen.






1. Introduction

1.1. Context

Membrane distillation (MD) is a thermally driven process that uses (micro)porous
hydrophobic or hydrophilic membranes as a barrier to retain the less-volatile
components at the retentate side. By applying a thermal gradient across the membrane, a
difference in vapour pressure is created between both membrane surfaces which serves
as the driving force for all transport through the membrane. Due to the nature of the
membranes, only vapours are allowed to diffuse through the membrane pores as liquids
are retained at the retentate side because of surface tension forces. This results in vapour-
liquid interfaces being formed at the pore entrances [1]-[3].

When comparing MD to other separation processes, it has a couple of advantages over its
competitors. One is that it the possible to (theoretically) remove 100% of all non-volatile
components (e.g. ions, colloids) and the other is that its operating temperature and
pressure will be lower in comparison to distillation and pressure-driven membrane
separation processes respectively [1], [4]. Also, lower operating temperatures provide the
possibility to use waste heat and/or alternative energy sources such as solar energy,
geothermal energy and waste grade energy from low temperature industrial streams
which could drastically decrease the overall energy consumption [2].
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Figure 1: Schematic view of MMC, both on the inside and the outside [5]

Although the concept of MD was first patented in 1963 by Bruce R. Bodell [6], its
implementation in the industry is limited. In collaboration with the pFlow group of the
VUB who provided a membrane microcontactor (MMC, Figure 1) for this research, the
CIPT research group (KU Leuven) aims to establish MD as a viable alternative for the more
conventional separation techniques by utilising it either as an ex-situ or an in-situ recovery
method. So far, the in-situ application of MD has been explored to a limited extent. Non
the less, some researchers provided promising results for this topic. In 2017, Zhang et al.
[7] used a combination of very high gravity (VHG) technology with in-situ vacuum
membrane distillation (VMD) to instantaneously remove ethanol, produced by



immobilized Zymomonas mobilis cells. Their results outperformed all other methods
found in the literature.

1.2. Problem definition

As was mentioned before, the concept of MD is used to a limited extent within the
industry. This can be related to several different reasons such as a relatively low permeate
flux in comparison to other separation techniques; a decrease in permeate flux due to
concentration and temperature polarization effects, membrane fouling and total or partial
pore wetting; the used membrane; module design and high energy consumption which
causes uncertainty regarding energy and economical costs [1].

Since tackling all these issues at once would be an immense work, this thesis will only
focus on the breakthrough principle within the provided MMC. The phenomenon of
breakthrough can be defined as when the feed solvent is no longer retained at the pore
openings due to the pressure exceeding a critical threshold. Instead of only vapour, liquid
also will be moved to the other side of the membrane which undermines the entire
separation process and must be avoided at all cost.

To define this threshold, a lot of different empirical models were proposed throughout
the years. The overall most used model throughout the literature to predict this so-called
liquid entry pressure (LEP) is the Young-Laplace law (Eqg. 1) [8], [9]:

LEP = _2Pricosb (1)
Tmax

Where [ represents the pore geometry coefficient, y; represents the liquid surface
tension [Nm-1], 8 is the contact angle [°] and 1,4, represents the maximal pore radius
[m]. This model, along with the Kim et al. model [10], [11] which proposed an equation
for non-cylindrical pores and the Zha et al. model [11], [12] which assumed the pore
geometry to be axially irregular, has been evaluated by Hereijgers et al. in 2015. Within
their research, a new correlation was developed (based on the original Young-Laplace
law) to calculate the LEP value using two fitting parameters o and  which are correction
factors for the contact angle and the pore geometry respectively [13]:

LEP — — 2y.B cos(6 + a) )

Tm ax

Although this model reduces the deviation to 25.0%, which is considerably lower than the
original Young-Laplace law that had a deviation of 37.5%, it is far from perfect. Therefore,
the Hereijgers model will be evaluated and optimized to develop a more accurate
equation for the calculation of the LEP.

1.3. Research objectives

The main objective of this research is to propose an empirical model for the determination
of the LEP threshold, which should improve the accuracy for LEP predictions in
comparison to the model of Hereijgers et al. [13]. The eventual model will most likely be
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another adaptation of the Young-Laplace law (Eq. 1) in which the current Hereijgers
equation (Eq. 2) will be further expanded.

First and foremost, the correlation between the LEP-values and the parameters from the
Hereijgers equation (contact angle and surface tension) must be evaluated to define their
impact and confirm that their finding can be reproduced. Once this has been done, other
parameters can be analysed to assess their influence. This will be done in the form of a
thorough literature study which should provide as much information about both mixture
and membrane properties (e.g., density, polarity) and mixture-membrane interactions as
possible to assess whether these have a direct impact. In case a certain parameter does
directly affect the LEP, the individual parameters could be taken into the equation to
decrease the impact from correction factors such as a and 3 which diminish the accuracy.

Within this literature study, it is important to evaluate the parameters and interactions
which will not be addressed during the experimental phase. Except for the properties of
both pure solvents and the used mixtures, it is important to evaluate other things such as
the impact of the type of used membranes and the effect it has on the pore size factor.

Once all experimental data is combined with the additional mixture properties, a model
will be proposed, based on the four proposed solvent mixtures (i.e. methanol-water,
ethanol-water, acetic acid-water and acetone-water), which will be evaluated by a proof
of concept. Here, a fifth solvent system (acetonitrile-water) will be used to validate the
proposed model along with additional data found in the literature.
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2. Literature study

Within this section, a brief background for membrane distillation processes is provided.
[t starts with an explanation of the general concept of MD, followed by the possible MD
configurations and their applications. From there on, the focus lies primarily on vacuum
membrane distillation, providing a brief section about its heat and mass transport
phenomena. Afterwards, both the important operating parameters and membrane
properties are discussed to address possible improvements for further MD processes.
Eventually, the focus shifts toward pore wetting where both the phenomenon is described
as well as important parameters and previous work.

2.1. General concept of membrane distillation

Membrane distillation (MD) is often described as an emerging non-isothermal membrane
separation process, mainly used for aqueous solutions, in which at least one side of the
membrane is in direct contact with the feed solution. As is shown in Figure 2, vapour is
transferred through the membrane pores to the permeate side while the feed solution is
restrained at the pore entrances at the retentate side because of surface tension forces.
These surface tension forces, caused by the hydrophobic nature of the membrane, create
a vapour-liquid interface where the more volatile components are allowed to evaporate
and move through to the permeate side. This entire process is driven by a difference in
vapour pressure, which in turn is caused by a thermal gradient over the (micro)porous
hydrophobic membrane [1]-[3].
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Figure 2: Schematic representation of MD concept [14]

Although the industrial implementation of MD is limited, it offers several different
advantages over conventional separation techniques. First and foremost, MD can be
utilised as a compact recovery process as, in contrast to conventional distillation which
required high vapour velocities to ensure enough vapour-liquid contact and therefore
needs larger installations, MD uses a microporous hydrophobic membrane to support a
vapour-liquid interface [4], [15]. Second, the operating temperatures for MD are almost
always much lower than conventional separation techniques, since it is unnecessary to
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heat the feed solution to its boiling point. In general, MD is often operated at a
temperature between 30 and 90°C which (in combination with the compact processing
unit) decreases the amount of heat loss to the environment. Additionally, since the
operating temperatures are much lower, waste heat and/or alternative energy sources
such as solar energy, geothermal energy and waste grade energy from low temperature
industrial streams can be used as an alternative heating source [2], [4]. Finally, MD also
has an advantage over conventional pressure-driven processes such as reversed osmosis
(RO), microfiltration (MF) and ultrafiltration (UF) since it is a thermally driven process.
This allows MD to be operated at much lower pressures, generally on the order of zero to
a hundred kPa, which leads to an overall lower equipment cost and increases the general
safety of the process. Also, since MD relies on the principle of vapour-liquid equilibrium,
100% (theoretical) of ions, macromolecules, colloids, cells, and other non-volatile
components can be rejected which has so far been impossible to achieve with either RO,
MF or UF [4].

Overall, MD offers plenty of advantages over the conventional separation techniques
which has made it an interesting process, mainly from an academic perspective. Although
several different applications (i.e. desalination of seawater, treatment of wastewater,
concentration of fruit juices, etc.) have been intensely studied at the development stage
of laboratory, the attempts to implement it on a commercial scale are rather scarce due to
difficulties in engineering aspects and relatively large operating costs [16], [17].

2.2. Different configurations

Although the retentate (feed) side of MD always stays the same, there are several different
options for the permeate side which leads to some different configurations. The most
commonly known are direct contact membrane distillation (DCMD), air gap membrane
distillation (AGMD), sweeping gas membrane distillation (SGMD) and vacuum membrane
distillation (VMD) of which the advantages and disadvantages are summarised in Table 1.
There are also several different hybrid configurations, which will not be included in this
literature study.

Table 1: Advantages, disadvantages and application areas of different MD configurations [18]

Configuration type Advantages Disadvantages
DCMD High permeate flux Heat loss by conduction
Considered at commercial
scale
AGMD Low conductive heat loss Lower permeate flux when
Simple process compared to DCMD and VMD

Little chance of developing
temperature  polarization
(TP)
SGMD Less resistance to mass Possibility of developing
transfer through forced flow temperature polarization (TP)
Complex process

VMD High permeate flux Increased risk of wetting membrane
Considered at commercial pores
scale Complex process
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2.2.1.Direct contact membrane distillation

Direct contact membrane distillation (DCMD), as is shown in Figure 3, uses both a hot
(feed) solution at the retentate side and a cold solution at the permeate side. By having
the feed solution in direct contact with the hot membrane surface side, volatile
components are allowed to evaporate. The then formed vapour will, under the influence
of a pressure difference over the membrane, be transported to the permeate side where
it condenses. Due to the nature of the membrane, the feed solution will not be allowed to
penetrate the membrane pores [19], [20].
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Figure 3: Direct contact membrane distillation (DCMD) [19]

DCMD is generally described as the most simple MD configuration, as it is capable of
carrying out the condensation step within the MD module and provides high permeate
fluxes. The downside of this configuration is that heat will be transferred through the
membrane, which is considered heat loss. Its applications range from desalination of
seawater and concentration of aqueous solutions for food applications to acid
manufacturing [19].

2.2.2.Air gap membrane distillation

Figure 4 shows a schematic diagram of air gap membrane distillation (AGMD). This type
of configuration utilizes a stagnant air gap between the membrane surface at the
permeate side and the cold condensation surface. This air gap, which has a temperature
higher than the hot (feed) solution and lower than the condensation surface, will keep the
total heat transfer through the membrane at a minimum. Unfortunately, it also serves as
additional resistance to the mass transfer, decreasing the total flux to the permeate side
[19], [21].
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Figure 4: Air gap membrane distillation (AGMD) [19]
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The general applications for AGMD are desalination and removing volatile components
from aqueous solutions. Additionally, AGMD has also been described as a method to break
azeotropic mixtures [21].

2.2.3.Sweeping gas membrane distillation

Figure 5 displays sweeping gas membrane distillation (SGMD) which utilizes an inert gas
to drag all vapour, coming through the pores, out of the MD unit to an external condenser.
Just as with AGMD, the gas barrier decreases the total heat loss through the membrane
but since the gas layer is not stationary, the additional resistance to the mass transport
can be avoided. This type of configuration is therefore mainly used for removing volatile
components from aqueous solutions [19].

out P Hot Solution
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Figure 5: Sweeping gas membrane distillation (SGMD) [19]

Unfortunately, since the sweeping gas temperature increases between the inlet and
outlet, the mass transfer and heat transfer rate through the membrane change
dramatically during the gas circulation along the membrane module [22]. Therefore, a
combination of SGMD and AGMD was proposed to decrease temperature fluctuations of
the carrier gas. This so-called thermostatic sweeping gas membrane distillation (TSGMD,
Figure 6) uses both a cooled condensation surface and a sweeping gas which allows the
vapour to condense either in the MD unit or in the external condenser [15], [18], [19],
[22].

Feed inlet

P

—
Cold liquid outlet] Condenser

|
r 3
P
Membranes-] Pl - Gas out
= Alr gap :
'\—\.._\_\_‘_L_\_‘. : |~ =
P |_Cold surface
1 i
1 [
i i Permeate
[
Cold liguid inlet
Cold liquid inlet
L Gias inlet
Liguid feed outlel pm—

Figure 6: Thermostatic sweeping gas membrane distillation (TSGMD) [22]
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2.2.4.Vacuum membrane distillation

Vacuum membrane distillation (VMD, Figure 7) uses a pump to apply a low pressure or
vacuum at the permeate side of the MD module. All vapour that comes through the pores
is dragged along to an external condenser which increases the complexity of the process.
in general, VMD is regarded as one of the more interesting configurations due to a high
energy efficiency (as there is no medium at the permeate side for heat to diffuse through)
and larger fluxes (due to an increase in transmembrane pressure difference) in
comparison to the other configurations [23]. Overall, the removal of volatile components
from aqueous solutions is the most noticeable application of VMD [3], [19].
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Figure 7: Vacuum membrane distillation (VMD) [19]

2.2.4.1. Heattransportin VMD

The heat transport of MD is generally divided into three different consecutive steps which
are (1) conductive heat transport from the feed bulk towards the boundary layer at the
membrane surface, (2) heat transfer either by conduction through the membrane itself or
by transport alongside the vapour which moves through the membrane pores (i.e. latent
heat of evaporation) and (3) convective heat transport at the permeate side. All this can
be regarded as a series of resistances, which is depicted in Figure 8 and describes in
equation 3a [24]:
1 1 1

1
H ™ h ' hy+JAH,/AT, (33)

which correlates the total heat transport coefficient (H) to h;, hy,, h,, (the heat transport
coefficients of the retentate, membrane and permeate respectively), ] (transmembrane
flux), AH, (evaporation heat) and AT,,, (temperature difference over the membrane). It is
important to mention that, when regarding VMD, the resistance at the permeate side is
neglectable as there is no convection at the permeate side due to the absence of any type
of fluid. Equation 3a can therefore be adjusted for VMD purposes, which leads to equation

3b [24]:
1 1 N 1
H h, hy,+JAH,/AT,,

(3b)

To calculate the effective heat transport within the VMD module, both the conductive heat
transport from the feed bulk towards the boundary layer at the membrane surface and

23



the heat transfer either by conduction through the membrane itself or by transport
alongside the vapour which moves through the membrane pores must be addressed.
When regarding the conductive heat transport at the retentate side, it is generally
calculated as described in equation 4 [1], [25], [26]:

Qr = hr(Tb,r - TI,r) (4)

where T}, and T}, represent the temperature of the bulk and membrane surface at the
retentate side, respectively. To retrieve the retentate heat transport coefficient (h,.), most
publications rely on existing empirical correlations for an estimation, of which the Nusselt
number (Nu) is the most frequently used (Eq. 5) [24]:

h.d
Nu = —" — qRePpre¢

(5)

where dj, is the hydraulic diameter of the feed inlet channel; k; represents the thermal
conductivity of the feed; a, b and c are constants that correspond to the MD design and the
flow regime; Re and Pr are the Reynolds and Prandtl number respectively.

Besides the heat transfer from the bulk to the boundary layer, there is also heat moving
from one side of the membrane to the other. As mentioned before, this heat transport can
either happen by conduction through the membrane or by transport alongside the
vapour. Therefore, both possibilities are taken into consideration when calculating the
heat transport (as can be seen in equation 6a) [24]:

Kim
Qm = ]AHv + ? (Tl,r - Tl,p) (6)

where k,, and § are membrane properties (i.e. thermal conductivity and thickness
respectively, which will be discussed later), while T; .. and T} ,, are the temperatures at the

membrane surface at the retentate and permeate side, respectively.
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Figure 8: Schematic representation of heat transport resistances for MD with the retentate side (left), membrane
(middle) and permeate (right) [24]

2.2.4.2. Mass transportin VMD

Similar to heat transport, mass transport consists of three consecutive steps: (1) diffusion
from the retentate bulk to the membrane surface, (2) evaporation of the volatile
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component at the liquid-vapour interface that then moves through the membrane pores
and (3) diffusion from the permeate membrane surface into the permeate stream as
depicted in Figure 9. Once again, just as with the heat transport, the presence of the
vacuum decreases the overall resistance to mass transfer at the permeate side. therefore,
it is generally accepted that the total resistance to mass transport can be described as
follows (Eq.7) [27], [28]:

1

1
Kk,

1 7
+H (7)

which correlates the total mass transport coefficient (K) to k,.and k,,, (i.e. mass transport
coefficients of the retentate and membrane, respectively).
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Figure 9: Schematic representation of mass transport resistances for MD retentate side (left), membrane (middle) and
permeate (right) [24]

2.3. Impact of operating parameters

When operating MD processes, several different parameters will have a significant
influence on the performance of MD. The most important parameters for MD are
discussed in this section to provide some insight on how to optimise beneficial
parameters such as flux while keeping malefactors (e.g. temperature and concentration
polarisation) at a minimum. Below, a summary of the effects of most operating
parameters on the transmembrane flux (for the general four types of MD) is given in Table
2.

Table 2: Summary of effects of different operating parameters on flux for conventional MD configurations [1]

Parameter DCMD AGMD SGMD VMD
Feed temperature 7 7 7 7
Feed concentration (non-volatile) \ N oor & \ \
Feed concentration (volatile) 7 7 7 7
Feed flow rate 2orm ~ Zore Zorn
Feed mixing 7 ® ® 7
permeate temperature \ oor \or & ®
permeate flow rate 7ore o ~ ®
vapour pressure difference 7 7 7 7

7 increases with, \; decreases with, <: insignificant impact, ™: reaches optimal value or asymptotic level, ®: impact irrelevant or
unknown
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2.3.1.Feed temperature

Independent of which type of configuration is used for the MD process, increasing the
temperature of the feed solution will cause an exponential increase in vapour pressure at
the retentate side of the membrane. As the vapour pressure increases at the retentate
side, the difference in vapour pressure over the membrane (i.e. the driving force) will also
increase exponentially with an increase in temperature. Since the flux over the membrane
is directly correlated to the driving force, the flux increases exponentially when increasing
the temperature [1], [18], [29].

Besides the effect on the flux, an increase in temperature will also make way for
temperature polarization effects to take place as the temperature difference over the
membrane is enlarged. This drastically decreases the efficiency of MD as it leads to more
heat loss (i.e. heat transfer through the membrane instead of being used for evaporation)
which must be kept at a minimum [1].

2.3.2.Feed concentration

When regarding the influence of the feed concentration on the MD process, a clear
difference is made between aqueous solutions containing non-volatile components and
those containing volatile components. For the volatile component solutions, an increase
in concentration seems to decrease the flux (for any type of MD configuration) as this
causes the vapour pressure to decrease. Also, the addition of more non-volatile
components can cause concentration polarisation (i.e. accumulation of non-volatile
components at the membrane surface) but this effect is rather small in comparison to the
effect of temperature polarization [1], [30], [31]. For the volatile component solutions
(e.g. alcohols), the effect of increasing the concentration is rather dependent on its
interaction with water and the thermodynamic properties of the volatile component. In
most cases, increasing the concentration of the volatile component leads to a higher flux
as the transmembrane partial pressure of the volatile component is increased. This often
goes alongside two different issues. First, the increase of volatile components often
increases the risk of pore wetting as the membrane is mostly resistant to water only.
Second, the presence of non-volatile components in binary aqueous mixtures can change
the vapour pressure of the mixture resulting in a change in selectivity [1], [32].

2.3.3.Feed flow rate and mixing

Regarding the flow rate and the mixing of the feed within the reactor, a clear difference
must be made between DCMD, AGMD and VMD on one side and SGMD on the other. For
DCMD, AGMD and VMD, increasing the flow rate and mixing will cause the permeate flux
to increase, which in some cases has proven to reach an asymptotic maximum [32]-[34].
This is because increasing the flow rate and mixing at the retentate side leads to less
temperature and concentration polarisation while simultaneously increasing the heat
transfer coefficient. It is therefore generally accepted that a turbulent flow is advised for
these configurations as it ensures a smaller temperature difference between the bulk and
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the membrane surface, which provides a higher temperature difference over the
membrane [31], [35]-[38]. For SGMD however, this is not the case as the effects of
concentration polarization (when using non-volatile components) at the retentate side is
insignificant in comparison to that at the permeate side so changing either the mixing or
flow rate of the feed will have a negligible effect on the transmembrane mass transport
[39], [40].

It is worth mentioning that the presence of volatile components in the feed mixture will
ensure that the separation factor enhances as the flow rate increases. This is because
better mixing will subdue the concentration polarisation at the membrane surface [34],
[41].

2.3.4.Vapour pressure difference

To create a transmembrane vapour pressure difference, either a temperature difference
over the membrane, a vacuum or a combination of both can be utilised. For all types of
MD, the permeate flux has shown to be linearly related to the vapour pressure difference
over the membrane and has a non-linear correlation in regards to the bulk pressure
difference. When focussing on VMD, increasing the transmembrane pressure difference
by lowering the vacuum pressure will increase the permeate flux at the cost of the
separation efficiency when regarding aqueous mixtures containing volatile organic
components (VOC). Also, it must be taken into account to not exceed the liquid entry
pressure as this would lead to pore wetting and would decrease the separation efficiency
even more. [t is therefore recommended to ensure that the vacuum pressure is larger than
the vapour pressure of the volatile component [1], [42].

2.4. Membrane properties

Several hydrophobic porous membranes used for MD purposes are commercially
available membranes made out of polymer materials such as polypropylene (PP),
polyvinylidene fluoride (PVDF) and polytetrafluoroethylene (PTFE). To ensure good
working MD processes, the membranes should have a low resistance to mass transfer, a
high resistance to pore wetting, low thermal conductivity to minimise heat loss, good
thermal stability and chemical resistance in regards to the used solvents [1]. All discussed
membrane properties are summarised in Table 3.

Table 3: Summary of effects of different membrane properties on flux for conventional MD configurations [1]

Parameter DCMD AGMD SGMD VMD
Membrane thickness Noor v © N \
Porosity 7 7 7 7
Tortuosity \ X [124) \
Pore size 7 2 7 7
Pore size distribution ® ® ® N
thermal conductivity \ \ \ \

7 increases with, \; decreases with, <: insignificant impact, ™: reaches optimal value or asymptotic level, ®: impact irrelevant or
unknown
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2.4.1.Membrane thickness

To ensure a sufficient flux through the membrane, the thickness of those membranes
should be minimized as there is an inversely proportional correlation between both. By
doing so, the mass transfer resistance of the membrane would be decreased, leading to
higher permeate fluxes, but it would also decrease the total resistance to the heat transfer
which will cause heat losses to increase[1], [19]. According to Lagana et al., the optimal
membrane thickness should be within the range of 30 to 60 um [43].

2.4.2.Membrane porosity

The porosity of a membrane, often referred to as the void volume fraction which generally
lies between 30 and 80% [1], is directly correlated to the MD flux as it impacts the surface
area where the volatile components can evaporate. Additionally, filling the pores with
gasses that have lower heat conduction coefficients than the membrane, will also decrease
the heat transfer through the membrane which reduces heat losses [4], [44]. Smolders
and Franken [45] have given an equation to calculate the porosity (€):

_ Pm
ppol

e=1

(8)
which utilises both the membrane density (p,,) and the polymer density (0p;)-

2.4.3.Membrane tortuosity

The membrane tortuosity (t), which is used to reflect how much the pore shape differs
from a perfectly cylindrical shape, is generally estimated using empirical correlations
such as equation (9) [25]:

(2—¢)
T =
&

(9)

In general, higher tortuosity values lead to a lower flux as the vapours need to diffuse
through a more difficult path which increases the overall mass transfer resistance [1],
[46], [47].

2.4.4.Pore size and pore size distribution

Generally, MD processes will utilize membranes with pore sizes ranging from 50 nm up
to 1 um [48]. It must be mentioned that, for polymer membranes, the actual pore size will
vary from pore to pore. Therefore, it is often advised to use either mean pore sizes or even
a pore size distribution when calculating the actual transmembrane flux and vapour
transfer. Overall it is accepted that using a large pore size will increase the mass transfer
and flux through the membrane due to an increase in evaporation surface. However, it
does also increase the chance of pore wetting which must be avoided at all cost. Therefore,
the pore sizes should be evaluated for every mixture individually to find their given
optimum [19].
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2.4.5.Thermal conductivity

As mentioned above, increasing the thickness and the porosity of the membrane should
decrease the heat losses due to additional resistance to heat transfer. Unfortunately,
increasing thickness will negatively influence the permeate flux while increasing the
porosity enhances the probability of creating pore wetting although this would increase
mass transfer. Alternatively, heat loss can be minimized by using modified membranes
which either use hydrophobic materials with lower thermal conductivities or multi-
layered materials [49], [50]. The latter can contain a small hydrophobic layer on top of
stronger carrier materials which adds an extra layer, thereby increasing the total
resistance to heat transfer [49].

To calculate the effective thermal conductivity of a membrane, both the thermal
conductivity of the polymer material (ks) and that of the gas (kg) are taken into account.
For polymers such as PTFE, PP and PVDF, ks is defined by the temperature, the crystal
shape and crystallinity degree of the material [19]. The actual calculation can be done,
using two different equations either based on volume averages of both conductivities (Eq.
10a) or based on the volume averages of both resistances (Eq. 10b) [51]:

ki = (1 —x)ks + xkg (10a)
x (1-01"
_ 10b

2.5. Pore wetting

Pore wetting refers to the phenomenon where the feed mixture is allowed to penetrate
within the membrane pores which undermines the separation process of MD. This can be
due to partial or complete wetting, which decreases the permeate flux due to the
formation of a boundary layer that (partially) removes the hydrophobicity of the
membrane or increasing the flux by creating a solvent bridge between both membrane
surfaces respectively. While partial wetting occurs due to organic and/or inorganic
fouling within the pore, complete wetting is caused by applying a transmembrane
pressure difference that exceeds the LEP critical threshold. Other causes are also probable
(but less prominent) and are given in Table 4 alongside the two previously mentioned
causes.

Table 4: Possible causes of pore wetting in MD [52]

Cause Operational condition
Transmembrane pressure Higher than LEP
Capillary condensation Loss of temperature gradient
Scale deposition (inorganic fouling) Reducing the hydrophobicity of membrane
Organic fouling Reducing the hydrophobicity of membrane
Lowering the surface tension
Surfactants Decreasing surface tension
Membrane degradation during Formation of hydrophilic groups on the membrane surface

long-term operation
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2.5.1.Wetting mechanism

Membrane wetting can occur when the pressure balance within the membrane pores,
which causes the formation of a liquid-vapour interphase, is disturbed by one of the
possible causes given in Table 4. This allows the liquid solutions to enter the pores and
form a water bridge through the membrane. The wetting of membranes is generally
divided into four different stages: non-wetted, surface-wetted, partially-wetted, and fully-
or completely-wetted as depicted in Figure 10 [53].

When encountering surface wetting, the liquid-vapour interphase can be found deeper in
the membrane pores in comparison to a non-wetted membrane. This will cause the
permeate flux to slowly decrease as the effect of temperature polarization tends to rise,
thereby decreasing the temperature at the evaporation interface [54]. It must be noted
that in some cases, a momentarily increase in flux was detected due to the shorter path
by which the vapours must travel to reach the permeate side [53].

When regarding partially wetted membranes, the feed solution is allowed to enter the
pores even further than with surface wetting. This can in some pores even cause complete
wetting with the formation of solvent bridges. As long as this is not the case for the
majority of the pores, the working of the MD process can still be guaranteed although it
leads to a reduction in permeate flux since the amount of evaporation surface drastically
decreases (solid blue line, Figure 10), or an increase in flux due to the liquid mass
transport by the solvent bridges (blue dash line, Figure 10). Both of these will worsen the
separation efficiency of the MD process and must therefore be avoided [52], [55].

For the completely- or fully-wetted membrane, the separation process fails as all liquid is
allowed to pass through the membrane pores as is shown by the rejection curve in Figure
10.
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Figure 10: Depiction of flux and rejection degree for each type of wetted state: (A) non-wetted; (B) surface-wetted; (C)
partially-wetted; and (D) completely-wetted [52]
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2.5.2. Liquid entry pressure

The liquid entry pressure (LEP) is a critical threshold for the transmembrane pressure
difference to avoid pore wetting. In theory, as long as this boundary is not overstepped,
the feed solution should be prevented from being pushed through the dry membrane
pores. Initially, the Young-Laplace equation (Eq. 11) defined the LEP as follows [45]:

—2By. cos @
LEP=——>F — Pp = APinterface (11)

rmax
Where Pr and Pp represent the hydraulic pressure of the retentate and permeate
respectively, y; the liquid surface tension [Nm-], 6 the contact angle [°], 1,4, the
maximum pore radius [m] and f represents the pore geometry coefficient. It is worth
mentioning that the pore geometry coefficient, which serves as a correction factor for
irregularly shaped pores, was initially not described within the Young-Laplace equation
as the membrane pores were assumed to have a perfect cylindrical shape. So far, a couple

of estimations have been given for different pore geometries, which are displayed in Table
5.

Table 5: Pore geometry coefficient () for different pore shapes [52]

Pore shape B-coefficient
Cylindrical pores 1.0
Elliptical or irregularly shaped pores smaller than 1.0
Stretched membranes (e.g., PTFE) with a small curvature radius 0.4-0.6

= | a Fangent line Pore

Fiber

Figure 11: Vapour-liquid interface at pore entrance (left) and donut-like geometry (right) [10], [52]

Unfortunately, merely adding a pore geometry coefficient does not resolve the issue
around low contact angles (i.e. contact angles below 90° result in a negative LEP-value),
nor does it fully address irregular pore shapes. Therefore, Kim and Herriott proposed an
alternative correlation (Eq. 12) in which they assumed the pore entrance to have a donut-
like geometry (Figure 11) [10], [56]:

—2y, cos(80 — a)

LEP = A ¥ R/ = cosa)) (12)

where R represents the fibre radius, r is the smallest pore radius and a is the so-called
correction angle (all shown in Figure 11). This correction angle can be derived from the
contact angle, using equation 13 [10]:
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(R/r)sin@
in(l0 —a) =——— 13
sin(® =~ @) = F @&/m (13)
Although this model has provided decent results for liquid-air systems, the deviations for
liquid-liquid systems have been substantial and was therefore addressed by Smolders and
Franken (1988), Zha et al. (1992) and Hereijgers et al. (2016). The latter one proposed an
alteration of the Young-Laplace equation using two different fitting parameters a and 3
[13]:
-2 cos(0 + a
LEP = Y.B cos( ) (14)

rmax

This correlation was evaluated with liquid-liquid experiments (containing a wetting
liquid at the permeate side and a non-wetting liquid at the retentate side) and proved to
be a better fit in comparison to the other models. It decreased the average deviation to
25.0%, which is a slight improvement in comparison to the Zha et al. model (but is far less
complicated) and is an improvement of over 10% of the original Young-Laplace equation.
Below, a summary is given of all their data for both the liquid-air (Table 6) and the liquid-
liquid experiments (Table 7), which will later be used for data comparison.

Table 6: Summary of LEP results for liquid-vapour experiments

Mixture concentration LEP Membrane Source
Water - 12.0 psi PTFE
Ethylene glycol - 6.0 psi PTFE
17 vol% 6.2 psi PTFE
23 vol% 5.5 psi PTFE
Ethanol-water 33 vol% 4.5 psi PTFE
50 vol% 3.0 psi PTFE [10]
67 vol% 2.5 psi PTFE
10 vol% 7.4 psi PTFE
L 20 vol% 6.0 psi PTFE
Acetic acid-water 30 vol% 50 gsi PTFE
50 vol% 4.4 psi PTFE
n-Heptane - 108 kPa PP
n-Dodecane - 117 kPa PP
Toluene - 151 kPa PP
Kerosene - 128 kPa PP [12]
Shellsol - 125 kPa PP
10 % 196 kPa PP
Ethanol-water 250 124 kPa PP
n-Heptane - 215 kPa PP
n-Dodecane - 307 kPa PP
Toluene - 333 kPa PP
Kerosene - 313 kPa PP [12]
Shellsol - 356 kPa PP
10 % 363 kPa PP
Ethanol-water 250 194 kPa PP
n-Heptane - 65.0 kPa PVDF
n-Dodecane - 78.8 kPa PVDF
Toluene - 84.3 kPa PVDF
Kerosene - 82.6 kPa PVDF [12]
Shellsol - 80.7 kPa PVDF
Ethanol-water 10 % 78.9 kPa PVDF
25 % 24.9 kPa PVDF
water - 151 kPa PVDF
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Table 7: Summary of LEP results for liquid-liquid experiments

Solvent 1 Solvent 2 LEP Membrane Source

Water CCls 3.1 psi PTFE

Water n-Hexane 3.1 psi PTFE [10]
Water n-Octane 3.0 psi PTFE

Water MIBK 2.7 psi PTFE [10]
Acetic acid-water 10 vol% MIBK 1.7 psi PTFE

Acetic acid-water 20 vol% MIBK 1.5 psi PTFE [10]
Acetic acid-water 30 vol% MIBK 1.2 psi PTFE

Acetic acid-water 50 vol% MIBK 0.8 psi PTFE
Ethanol-water 17 vol% MIBK 1.6 psi PTFE
Ethanol-water 23 vol% MIBK 1.2 psi PTFE [10]
Ethanol-water 33 vol% MIBK 1.0 psi PTFE
Ethanol-water 50 vol% MIBK 0.8 psi PTFE

Water n-Octanol 50.2 kPa PP

Water n-Heptane 243 kPa PP

Water n-Dodecane 248 kPa PP [12]
Water Toluene 177 kPa PP

Water Kerosene 186 kPa PP

Water Shellsol 202 kPa PP

Water n-Octanol 125 kPa PP

Water n-Heptane 548 kPa PP

Water n-Dodecane 566 kPa PP [12]
Water Kerosene 401 kPa PP

Water Shellsol 430 kPa PP

Water n-Octanol 29.6 kPa PVDF

Water n-Heptane 126 kPa PVDF

Water n-Dodecane 122 kPa PVDF [12]
Water Toluene 95.8 kPa PVDF

Water Kerosene 117 kPa PVDF

Water Shellsol 107 kPa PVDF

Water n-Heptane 3.03 bar PTFE

Water 1-Octanol 0.59 bar PTFE

Water MIBK 0.74 bar PTFE [13]
Water Ethyl Acetate 0.52 bar PTFE

Water Toluene 2.58 bar PTFE

Water 1-Octanol 4.17 bar PP

Water MIBK 4.24 bar PP [13]
Water Ethyl Acetate 1.19 bar PP

2.5.2.1. LEP measurement

Overall, there are two different methods for measuring the LEP, either a static or a
dynamic measurement. The static method, originally described by Smolders and Franken,
utilizes a liquid feed that is in direct contact with the retentate side of the membrane on
which a certain pressure is applied. This pressure will then be increased stepwise until
(continuous) flow can be detected at the permeate side, indicating that the pressure
difference over the membrane has exceeded the LEP threshold [45]. However, in recent
years this method is no longer used as research has proven that the measured LEP-values
(using a static experiment) often exceed the actual maximal allowable pressure as this
method seems to exhibit hysteresis [57].
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L1

Figure 12: Setup of static LEP measurement, 1= Gas cylinder with nitrogen; 2 = manometer; 3 = liquid feed; 4 = measuring
cell; 5 = membrane; 6 = measuring pipette [45]

For the dynamic method, a conventional MD module is utilized in which the feed solution
flows by the retentate side of the module. Just as with the static method, the pressure is
stepwise increased over time but, in contrast to the static method, it is increased by
increasing the feed flow rate. Once flow can be perceived at the permeate side, the LEP
threshold is considered to be overstepped. More recent, Warsinger et al. proposed a new
method for determining the LEP. They proposed that, once breakthrough occurred, the
pressure within the retentate chamber would decrease due to flow escaping through the
membrane pored. Based upon their theory, they defined that (once the pressure reached
its designated value) the LEP could be found where the stability slope was below just
below zero [52].
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Figure 13: Warsinger method of determining the LEP [52]

2.6. Conclusion

So far, a couple of correlations have been proposed for predicting the LEP, of which the
most accurate has been presented by Hereijgers et al. (2015). They achieved an average
deviation of 25.0%, using two different fitting parameters as an addition to the Young-
Laplace equation. Although this is (so far) the best correlation found within the literature,
its accuracy is far from perfect along with the fact that almost no membrane properties
are included. In this research, the accuracy of their equation will be tackled by evaluating
a couple of influential parameters for aqueous solutions (containing an organic
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component) such as the contact angle, surface tension, concentration and polarity. To
determine the LEP, a conventional dynamic measurement will be used as the membrane
contactor does not allow high flowrates due to its size. The absence of these high flowrates
prevent a quick build-up in pressure, which in turn prevents the possibility of using the
Warsinger method for these applications.
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3. Materials and methods

This chapter is divided into two different sections, one about the correlation for the liquid
entry pressure (LEP) and the other about vacuum membrane distillation (VMD).

3.1. Liquid entry pressure correlation

As discussed within the literature study, the most generally used parameters for
estimating the LEP are the surface tension and the contact angle. Within this study, LEPs,
surface tensions and contact angles were measured for five aqueous solutions, each
containing a different miscible organic component (Table 8). For each mixture, different
concentrations (i.e. 5, 15, 30, 45 and 60 mol%, regarding the organic component) were
prepared and measured. This data, after the addition of the Kamlet-Taft polarity
parameter which was retrieved from the literature, was then used for correlation
building, using Eureqa software. It is worth mentioning that, before the Eureqa software
could be utilized, both the contact angle and the surface tension data were determined by
interpolation at the concentrations used for the LEP (as two different sets of solutions
with slightly different concentrations were used). All of these interpolations were
performed based on the curve fittings retrieved from MATLAB (Appendix A), which
generated a correlation for each solvent mixture individually.

Table 8: List of products used for all of the correlation experiments

Product Purity Supplier Cas nr.
Methanol Hipersolv chromanorm VWR 67-56-1
Ethanol, absolute 99.8% Fisher Scientific 64-17-5
Acetic acid glacial Analar normapur VWR 64-19-7
Acetone suprasolv Merck 67-64-1
Acetonitrile hypergrade for LC-MS Merck 75-05-8

3.1.1.Surface tension

The surface tension of the aqueous solutions was determined with an Attension Theta Lite
(Biolin Scientific, Figure 14 left image) following the pendant drop principle. A droplet
was slowly extruded from a hanging syringe by hand, until the point where the droplet
fell of the needle. The shape of the droplet (right before it detached) was then captured
by the camera, which allowed the software to find the best curve fitting (following the
Young-Laplace equation, Figure 14 right image) around the edges of the droplet. This, in
combination with the density of the solution (measured beforehand with the use of a
pycnometer, calibrated volume of 49.438 cm?), yielded a value for the surface tension.
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Figure 14: Biolin Scientific Theta Lite (left), Young-Laplace fitting (right) [58], [59]

Since most mixtures (Table 9) contained a volatile organic component (VOC), the surface
tension tended to change over time due to evaporation. Therefore, all measurements were
repeated five times to ensure that the measurements were reliable. It is also worth
mentioning that, in between experiments, the syringe was rinsed five times with milliQ
water and afterwards three times with the solution itself before a measurement was
performed.

Table 9: Mixtures and their concentration used for surface tension and contact angle measurements

Mixture Volume Massoc MassSwater Concentration Measured
(mL) (g) (g) (mol%) for ...

YL 0

methanol-water 200.0 18.9 177.4 5.7% x v

100.0 23.2 71.9 15.4% 4 v

100.0 38.8 52.8 29.2% v v

100.0 51.2 37.7 43.3% v v

100.0 61.0 25.2 57.7% v v

ethanol-water 200.0 23.8 170.6 5.2% x v

100.0 28.7 65.5 14.6% v v

100.0 458 44,0 28.9% 4 v

100.0 57.2 30.2 42.6% v v

100.0 65.4 18.7 57.8% v v

acetic acid-water 250.0 38.1 215.4 5.0% x v

100.0 39.9 65.3 15.5% 4 v

100.0 62.0 444 29.5% v v

100.0 76.8 30.1 43.4% 4 v

100.0 87.0 20.0 56.6% v v

acetone-water 250.0 35.6 208.0 5.0% x v

100.0 35.1 58.7 15.6% v v

100.0 51.5 38.4 29.4% 4 v

100.0 63.0 24.4 44.5% v v

100.0 68.6 15.9 57.2% 4 v

acetonitrile-water 250.0 28.6 214.8 5.5% x 4

100.0 27.4 67.1 15.2% v v

100.0 45.0 45.2 30.4% v v

100.0 56.7 29.8 45.5% v v

100.0 66.7 17.0 63.3% v v

yu: surface tension, 0: contact angle, *: sample not measured, v: sample measured
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3.1.2.Contact angle

The contact angles were determined with an Optical Contact Angle (OCA, Dataphysics,
Figure 15 left image) which used a pinned down PTFE membrane (Advantec T010A304D,
the same that was used during LEP and VMD experiments) as the solid phase upon which
5 ul droplet was placed. As additional tensions can remain when placing the droplet,
which alters the measured contact angle, an extra 2 pl is added to ensure the actual
contact angle is captured. Just as with the surface tension, a fitting over the shape of the
droplet is determined (resulting in the measured contact angle using an elliptical fitting)
but also these angles are not consistent over time (due to the evaporation of the VOC) so
replicates of this experiment were measured for reliability.

gas
liquid L

Figure 15: OCA 15EC (left) and schematic of the contact angle (right) [60], [61]

As to address the roughness of the PTFE surface, which alters the measured contact angle,
the contact angle was also measured for the 5 mol% methanol and ethanol mixtures on
top of PTFE tape (Bonfix, class 0.2). Both the Advantec PTFE and the PTFE were analysed
for their roughness with a Diavite compact device (resolution of 0.01 um) as to implement
it as a correction factor following equation X [62]:

cos@' =rcosf = M (15)

YiG

where 6’ and 6 are the apparent and effective contact angle respectively; r is the ratio of
the rough surface area over the smooth surface area; yg;, ys;, and y;; are the interfacial
tensions between gas (G), liquid (L) and solid (S). Furthermore, it must be mentioned that
all experiments regarding contact angles and roughness factors were conducted in a
temperature-controlled room (24°C) with a relative humidity of 43%.

3.1.3.Liquid entry pressure

To determine the effective LEP, a membrane microcontactor (MMC, Figure 16) consisting
of two aluminium plates clamping a PTFE membrane (Advantec T010A304D, pore size
100 nm, thickness 70 um, porosity 68%) between them was used. At both the retentate
and permeate side, designated channels are milled into the aluminium body to ensure
uniform distribution of liquid, leaving pillars between the channels to support the
membrane. The channels between those pillars stretch over an area thatis 51.48 mm long
and 10 mm wide while each channel has a depth of 100 um and a width of 400 pum,

resulting in a total volume of 36.6 ul at both sides of the membrane.
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Figure 16: Schematic view of MMC, both on the inside and the outside [5]

As the MMC is kept at 40°C within a heating tub, a Teledyne Isco 500 D syringe pump was
used at different flow rates to cause different pressures at the retentate side while the
permeate side was left open to the atmosphere. The actual pressure at the retentate side
was determined using an Omega pxm319-020g pressure transmitter probe, which was
located between the syringe pump and the retentate inlet of the MMC. Because PTFE
tubing with an internal diameter of 0.25 mm was used (OD of 1 mm), the pressure drop
between the pressure probe and inlet of the contactor could not be neglected and was
therefore always measured. This was performed by decoupling the retentate inlet tube
from the MMC and then resuming the experiment at the same parameters where
breakthrough was detected. The LEP itself was measured using a standard dynamic
measurement where the pressure was increased stepwise (each time allowing the
pressure to stabilize after increasing the flow rate) until breakthrough, leading to
(continuous) flow at the retentate outlet, could be detected.
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Figure 17: Schematic of experimental setup for LEP determination

As mentioned before, a different set of solutions was used for the LEP determination as
was used for the contact angle and surface tension measurements. Their concentration
can be found below in Table 10.
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Table 10: Mixtures and their concentration used for liquid entry pressure determination

Mixture Volume (mL) Massoc (g) Masswater (g) Concentration (mol%)
200.0 18.9 177.4 5.7%
250.0 56.7 181.6 14.9%
methanol-water 250.0 98.4 131.7 29.6%
250.0 130.4 92.8 44.1%
200.0 123.3 49.6 58.3%
200.0 23.8 170.6 5.2%
200.0 58.2 130.5 14.9%
ethanol-water 200.0 93.3 86.0 29.8%
200.0 116.0 58.5 43.7%
200.0 131.9 36.6 58.5%
250.0 38.1 215.4 5.0%
200.0 75.6 132.2 14.6%
acetic acid-water 200.0 121.6 89.7 28.9%
200.0 154.1 58.1 44.3%
200.0 176.1 37.3 58.6%
250.0 35.6 208.0 5.0%
200.0 67.4 120.7 14.8%
acetone-water 200.0 101.7 77.7 28.9%
200.0 122.0 50.7 42.7%
200.0 136.5 31.6 57.3%
250.0 28.6 214.8 5.5%
200.0 54.9 133.8 15.3%
acetonitrile-water 200.0 88.1 91.9 29.6%
200.0 111.5 62.1 44.1%
200.0 129.6 38.8 59.5%

3.2. Vacuum membrane distillation

Within the second part of this research, a VMD experiment was performed to evaluate the
potential flux and concentrations that can be achieved using the MMC as well as evaluating
how the presence of a vacuum at the permeate side impacts the LEP.

3.2.1.Experimental setup

In general, the setup is largely the same as with the setup of the LEP measurements, only
the outlet of the permeate side of the MMC and the method of heating were changed. At
the permeate outlet, larger tubing (PFA, 1.6 mm ID) was glued to the contactor screw as
the original tubing prevented the pump from creating a vacuum inside the contactor due
to the narrow inner diameter of the tubing. This PFA tubing was then connected to
plasticised PVC tubing (16 mm OD, 10 mm ID) which lead to the first condenser. Using a
Lauda thermostat, which was filled with 50-50 glycerol-water (kept at -5°C), most vapour
coming through should condense here preventing it to proceed to the vacuum pump. The
second condenser was mainly placed out of precaution to prevent any volatile
components to escape into the air. Also, an oven from an old GC apparatus was used to
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heat the MMC by convection as water was seen leaking into the permeate outlet tube. This
of course decreases the actual vacuum within the permeate side even further but ensured
no large sample contaminations could occur. Unfortunately, since the first condenser had
insufficient cooling, often no sample could be taken there. Therefore, most samples were
taken at condenser two which is less reliable as these liquids passed through the vacuum
pump, allowing the possibility of losing methanol within the pump’s dead space.

---------- \3 - ~
O

| | condensor 1 vacuum pump condensor 2

Syringe pump QOven (convenction, 40°C) ﬂ

Retentate collection flask

Figure 18: Schematic of the VMD setup

For this experiment, a 44.1 mol% methanol-water mixture was used at flowrates shown
in Table 11, corresponding to experimental conditions of the LEP measurements.

Table 11: samples taken at different flowrates during VMD

Flowrate (ml/min) Retentate sample Permeate sample
0.1 1R 1P
0.2 2R 2P
0.3 3R 3P
0.4 4R 4P
0.5 5R 5P

3.2.2.VMD sample analysis

The GC samples were prepared by diluting the VMD samples 400 x in 99% pure 1-butanol
(Amakem pharmaceutics). Retention times of methanol and butanol are 1.8 and 3.92
minutes, respectively.

All samples taken from the VMD experiment (Table 11) were analysed with an Agilent
6890 series Gas chromatography (GC) apparatus using an FID detector, an HP-5ms
column, 5%-phenyl-methylpolysiloxane as stationary phase and nitrogen gas as the
mobile phase. 1 pl of each sample was injected into the inlet liner, which was kept at
270°C, during the 12.50-minute lasting experiment at a constant flow. The GC oven ran
the following steps for each experiment: at the start of the measurement, the oven was
kept at 45°C for 1 minute. Then it heated up at a rate of 10°C per minute until it reached a
temperature of 150°C which was maintained for another minute. At this point, the
measurement was completed and the oven cooled again until it reached 45°C again. To
calculate the concentration of the samples, expressed in ppm, a set of calibration solutions
with concentrations ranging from 0 to 1600 ppm were measured, yielding the calibration

line below:
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Figure 19: Calibration line for GC-FID analysis
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4. Results and discussion

In this chapter, both the results from the measurements leading to the proposed liquid
entry pressure (LEP) correlation and the results from the vacuum membrane distillation
(VMD) are discussed.

4.1. Liquid entry pressure

For each proposed parameter (i.e. concentration, surface tension, contact angle and
Kamlet-Taft polarity) the correlation with the LEP is discussed and a predictive model for
LEP based on these parameters is proposed.

4.1.1.Concentration

Figure 20 displays the liquid entry pressure in function of the organic component
concentration which shows that increasing the amount of organic solvent causes the LEP
to decrease for all solutions except the acetic acid-water solutions. For this specific
solution, an initial decrease in LEP was observed until the concentration reached 15 mol%
acetic acid. Afterwards, when increasing the concentration even further, the liquid entry
pressures tended to increase linearly with the concentration.
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Liquid entry presure (bar)
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Mole fraction organic component (%)

Figure 20: Liquid entry pressure of aqueous mixtures in function of mole fraction of the organic component, methanol-
water (¢ ), ethanol-water (R), acetic acid-water (A), acetone-water (X) and acetonitrile-water (4)

As to address the different behaviour of the acetic acid-water solution, it was compared
to the data found by Kim and Harriott [10] who also performed experimental LEP
determinations using several different liquid-gas and liquid-liquid experiments (section
2.5.2). From Figure 21 it is clear that, although the measured LEPs for ethanol-water
follow a similar trend in comparison to those determined by Kim and Harriott, the acetic
acid-water mixture does not show any similarities. They found that increasing the
concentration should decrease the LEP. A possible explanation for this different
behaviour could be the difference in most volatile component as for acetic acid-water this
is water rather than the organic component (boiling point acetic acid at 117.9°C at 1 atm).
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However, since the used PTFE membrane has a hydrophobic nature, a decreasing water
concentration would simultaneously decrease the polarity of the solution which is
expected to decrease the resistance to pore wetting. Because of this unexplained
behaviour, the data of acetic acid-water was not used to construct the predictive LEP
model.
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Figure 21: Comparison of measured LEP results to those found by Kim and Harriott [10], measured ethanol-water (M)
and acetic acid-water (A), LEP measured for ethanol-water (10) and acetic acid-water (/\) by Kim and Harriott

As to evaluate the impact of the organic component concentration on the LEP, a linear
relation was desired to take along in the curve fitting software. The best correlation was
found using a negative logarithm of the organic component concentration which
showcases an almost perfect linear relation to the LEP, as can be seen in Figure 22. As of
the reasons mentioned before, acetic acid-water was no longer included for further data
analysis and was therefore left out of the graph below.
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Figure 22: Liquid entry pressure of aqueous mixtures in function of the negative logarithm of their corresponding mole
fraction of the organic component, methanol-water (¢ ), ethanol-water (B), acetone-water (X) and acetonitrile-water

(+)
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4.1.2.Surface tension

In Figure 23 the measured surface tensions are given in function of their corresponding
organic component concentration. Increasing the concentration of the organic component
causes the surface tension to decrease. It must be mentioned that, although standard
deviations were determined during this experiment, they are not displayed in the graph
below as they would be unnoticeable (ranged from 0.82 to 0.03).

Surface tension (mN/m)

0.0% 10.0% 20.0% 30.0% 40.0% 50.0% 60.0% 70.0%
Mole fraction organic component (%)

Figure 23; Surface tension of aqueous mixtures in function of mole percentage of the organic component, methanol-
water (¢ ), ethanol-water (M), acetic acid-water (A), acetone-water (X) and acetonitrile-water ()
This behaviour can be explained by the surface tensions of both solvents, as the surface
tension of an ideal binary mixture can theoretically be estimated using the following
equation [63]:
Omix = 01X + 0,(1 — x) (16)

where 0,,;x, 0; and o, represent the surface tension of the mixture, solvent one and
solvent two respectively, and x the mole fraction of solvent one. In practice however, the
mixture of two solvents will be a non-ideal system causing the relation between the
surface tension and mole fraction of the organic component to deviate from their linear
relation due to a non-linear relation between the vapour pressure and the composition.
Most commonly, a negative deviation from the ideal relation is found (Figure 24) [63].
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Figure 24: Ideal vs. non-ideal surface tension behaviour (left) and surface tension relation to alcohol weight fraction for
different alcohol-water mixtures (right) [63]
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When comparing the results from the surface tension measurements to those found
within the literature, it is clear that all of the mixtures except acetonitrile-water show
great similarity between both data sets. In Figure 25 (left), where methanol-water,
ethanol-water and acetic acid-water are shown, it is almost impossible to differentiate the
data found in the literature from the results produced in this thesis. This is also the case
for the acetone-water mixture, displayed in Figure 25 (right), but not for the acetonitrile-
water solution which seems to show no resemblance to the data found in the literature.
Since the measured surface tensions of acetonitrile-water seem to resemble the trend of
the other mixtures, they likely contained another organic component which would
explain the enormous difference between the literature and the resulting data.
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Figure 25: Comparison of measured surface tension results to those available in the literature, measured methanol-water
(¢ ), ethanol-water (M), acetic acid-water (A), acetone-water (X) and acetonitrile-water (4), surface tension data found

in literature found for methanol-water [64] (), ethanol-water [64] () and acetic acid-water [52] (/\), acetone-water
[65] (X) and acetonitrile-water [52] (+)

Below in Figure 26, the LEP is expressed in function of the surface tension. It shows that
mixtures with higher surface tensions yield a higher LEP. Indeed, a larger surface tension
indicates a higher water content. And since the PTFE membrane is hydrophobic, a larger
water content decreases the wetting of the membrane by the solution.
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Figure 26: Liquid entry pressure of aqueous mixtures in function of their corresponding surface tension, methanol-water
(¢ ), ethanol-water (M), acetone-water (X) and acetonitrile-water (4)
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4.1.3.Contact angle

Figure 27 displays the measured contact angles in function of the organic component
concentration which shows that increasing the amount of organic solvent causes the
contact angle to decrease. This can easily be explained as the membrane is hydrophobic
which means that larger contact angles are caused by a larger resistance to wetting. This
resistance depends on the affinity between the solution and the membrane which will
decrease as the water content in the solution rises resulting in larger contact angles.
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Figure 27; Contact angle of aqueous mixtures in function of mole percentage of the organic component, methanol-water
(¢ ), ethanol-water (M), acetic acid-water (A), acetone-water (X) and acetonitrile-water ()

When comparing the LEP in function of the contact angle, as is given in Figure 28, it is
clear that increasing the contact angles yield a larger maximum allowable pressure. Here
again, the hydrophobic nature of the membrane can explain the relationship between
both as higher contact angles are the result of a larger water content within the solution
which will increase the resistance to wetting.
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Figure 28: Liquid entry pressure of aqueous mixtures in function contact angle, methanol-water (¢ ), ethanol-water (H),
acetone-water (X) and acetonitrile-water (+)
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Although the measured contact angles have a clear relation to the LEP, it is sort of common
sense to use effective contact angles instead. To acquire the effective contact angle, the
measured contact angles should be corrected using the Wenzel equation (section 3.1.2,
Eq. 15). Based upon the data from Table 12, no such correction to the contact angles could
be made as the Wenzel equation indicates that for hydrophobic solids, the contact angle
should increase on a rougher surface [66]. This contradicts the findings from Table 12
which show a decrease in contact angle with increasing surface roughness. A possible
explanation for this behaviour could be the porosity of the PTFE Advantec membrane,
which will have an additional impact on the measured contact angle.

Table 12: Measured contact angles for different types of PTFE membranes

Mixture concentration Contact angle Membrane Average roughness
(mol%) ©) type (Ra)
105.8 PTFE Advantec 0.44
Methanol-water 5.653 96.64 PTFE tape 0.72
105.1 PTFE Advantec 0.44
Ethanol-water 5.175 90.06 PTFE tape 072

4.1.4.Kamlet-Taft polarity

The Kamlet-Taft polarity parameter was retrieved from the literature and is taken into
consideration for the LEP correlation since organic components often have a lower
polarity than water as can be seen in Table 13. Increasing the concentration of these
organic components should therefore reduce the polarity of the mixture which could
change the interaction with the hydrophobic membrane.

Table 13: Relative polarities of organic solvents and water [67]

Solvent Relative polarity
acetone 0.355
acetonitrile 0.46
acetic acid 0.648
ethanol 0.654
methanol 0.762
water 1

In Figure 29 the Kamlet-Taft polarity coefficient is plotted in function of the organic
component concentration. Although the factor seems to decrease with increasing
concentrations, the relation is non-linear and different for each mixture.
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Kamlet-Taft polarity (rt*)
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Figure 29: Kamlet-Taft polarity factor in function of concentration [68], methanol-water (¢ ), ethanol-water (M), acetic
acid-water (A), acetone-water (X) and acetonitrile-water (4)

When regarding the LEP in function of the Kamlet-Taft coefficient, Figure 30, it can be
observed that the LEP increases with increasing polarity which is to be expected as a
larger polarity is caused by having a larger water content in the solution. The remarkable
thing however is that for the ethanol-water mixture, two very different LEP were found
for two very similar polarities. A possible explanation for this could be that one of the
ethanol-water solutions had a concentration that did not correspond well with the used
fitting equation (Appendix A), resulting in an over- or underestimation of the actual value.
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Figure 30: Liquid entry pressure of aqueous mixtures in function of their corresponding Kamlet-Taft factor, methanol-
water (¢ ), ethanol-water (M), acetone-water (X) and acetonitrile-water (4)

4.1.5.LEP correlation

After combining the data from all the mixtures (excluding acetonitrile-water and acetic
acid-water) and importing it into the fitting software, a couple of different correlations
were proposed. Of which the more realistic correlations are given in Table 14:
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Table 14: Proposed correlations for the LEP by the Eureqa software

Equation R? Average deviation (%) Maximum deviation (%)
LEP = 0.0226y, 0 0.9423 38.27 267.0
LEP =0.0212Y, o r* 0.9604 24.94 176.6
LEP = —0.0459 Y, cos (6 +0.937) 0.9703 24.53 154.5

y..: surface tension (mN/m), 8: contact angle (rad), =*: Kamlet-Taft polarity

As is clear from Table 14, the third equation shows the most resemblance with the used
data as it has the largest R? along with the lowest average and maximum deviation and is
therefore regarded as the best mathematical fit. In addition to that, the equation shows
also more resemblance to the previously proposed equations in the literature, in
comparison to the other two, as it is the only model to use a negative cosine function of a
corrected contact angle. This correction to the contact angle (often represented by «) is a
necessity as the effective contact angle within the pores, which should always be above
90° for hydrophobic surfaces, is larger than that measured on the porous membrane
surface [66]. All of this leads to the conclusion that the third equation will be the
preferable equation to predict the LEP.

When plotting the measured LEPs in function of the predicted LEPs, Figure 31 shows that
all data points are in close range of their predicted value except the lower LEP-values of
acetone-water, which exceed the 20% error margin (dotted lines). Additionally, the same
model seems to show an overestimation for its lower LEP-results while its largest LEP-
result has an underestimated LEP value for the proposed model. Both other models also
show a deviation from the predicted LEPs, but not as significant as for acetone-water.
Nonetheless, the predicted LEP results for all systems seem to be reliable enough to
proceed to the proof of concept.
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Figure 31: Observed LEP vs. predicted LEP plot, methanol-water (¢ ), ethanol-water (M) and acetone-water (X)

Lastly, it must be mentioned that the fitting software did not include the Kamlet-Taft
polarity factor and the concentration coefficient into the current correlation. For the
concentration, it has clearly been shown that both the contact angle and the surface
tension are correlated to the concentration, which was therefore not included as a
separate factor in the equation. For the Kamlet-Taft factor, so such correlations were
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discovered and its absence is therefore predicted to be due to issues regarding the curve
fittings. It could of course be the case that it, just as the concentration, is present in either
the contact angle and/or the surface tension but no indication for this was found.

4.1.6.Proof of concept

To evaluate the proposed model, the acetonitrile-water mixture was left out during the
fitting exercise and its measured LEP results were later on compared to those predicted
by equation 17, both for the measured and literature surface tension. Figure 32 clearly
shows that the LEP prediction for the measured surface tensions shows a constant
underestimation for all data points while those using the surface tension retrieved from
the literature does the opposite. It also seems that the latter set has a larger error margin
in comparison to the measured data but none of both displays the desired scatter plot
around the prediction line.
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Figure 32: Observed LEP vs. predicted LEP plot for measured acetonitrile-water (4) and acetonitrile-water with surface
tensions retrieved from literature (+)

As an addition to the proof of concept, the model was also evaluated for the liquid-liquid

experiments from Hereijgers et al. (2015) as they used the exact same membrane, which

is necessary to compare data as no membrane specific factors were included in the

correlation. For the data of the Hereijgers publication, the model seems to give a constant

underestimation with an average standard deviation of 26.09%.
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Figure 33: Observed LEP vs. predicted LEP plot for liquid-liquid experiments from Hereijgers et al. [13]
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4.2. Vacuum membrane distillation

For the VMD experiment, the results from the GC analysis were discussed as well as the
proposed improvements to the experimental setup.

4.2.1.Sample analysis

Figure 34 plots the concentrations of both the permeate and retentate samples in function
of their corresponding feed flowrate, with an additional dotted line to indicate the initial
feed concentration. Although the retentate samples had a lower concentration than that
of the feed solution, which indicates that some methanol was removed while most water
was retained at the retentate side of the membrane, the permeate samples displayed
concentrations that were below the feed concentration. Normally, when the retentate
concentration decreases, the permeate concentration should increase as the volatile
component moves through the membrane. therefore, the concentration of the permeate
should always be higher than that of the feed. This is clearly not the case here, which is
probably because all permeate samples were collected at condenser two, meaning that
they passed through the vacuum pump. Inside and at the outlet of that pump, an increased
pressure is present which could induce condensation of both methanol and water. This
could lead to liquid methanol accumulating inside the pump while still uncondensed
water with a minimal concentration of methanol could pass through and get collected at
the second condenser, resulting in lower methanol concentrations at the permeate side.

50%
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Figure 34: GC-FID results of the methanol concentration in the retentate (®) and permeate (®) for a feed solution with
44.1 mol% methanol in water (---)

Another possibility is that no methanol accumulates in the vacuum pump (or is allowed
to exit the system through leaks) and that the samples get contaminated with water that
is either already present in the condenser or gets drawn in by the vacuum pump through
leaks or other connections to the surrounding air. Although it is a possibility, it seems
rather unlikely as (based upon the mass balance below, Table 15) the additional water
required from the surrounding to achieve such dilutions would be almost as much as the
feed flowrate.
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Table 15: Mass balances for GC-samples VMD in case of water contamination

Feed Permeate Permeate Retentate Retentate Additional
flowrate concentration flowrate concentration flowrate water flowrate
(ml/min) (mol%)- (ml/min)P (mol%)- (ml/min)a (ml/min)b

0.1 3.01 0.119 37.99 0.0971 0.116
0.2 10.47 0.155 34.65 0.176 0.131
0.3 7.03 0.288 36.96 0.264 0.252
0.4 11.06 0.200 39.83 0.355 0.155
0.5 11.41 0.464 29.90 0.441 0.405

a: measured parameter, b: calculated based on mass balances

It must also be mentioned that, as this experiment was also assigned to address
breakthrough for VMD, no indication was found that the breakthrough occurred as no
sudden decrease of the permeate concentration (after increasing the flowrate) was
detected.

4.2.2.Proposed improvements to the experimental VMD setup

As is clear from the sample analysis of the VMD experiment, there are still improvements
to be made to the experimental setup. The most important are ensuring and measuring
the applied vacuum pressure at the permeate side of the membrane, better sample
collection and optimizing the sample analysis which are all discussed in this section.

During the VMD experiments, it became clear that vacuum pressure at the permeate side
was an uncertainty that was not easily resolved. Using tubing with a diameter of 0.25 mm
caused a large resistance, resulting in either a very weak or no vacuum at the membrane
of the permeate side. It would therefore be recommended to add a manometer that could
indicate the pressure in the contactor, use tubing with larger diameters and use a stronger
vacuum pump to decrease the amount of time required to apply the vacuum. Additionally,
the internal resistance of the contactor could also be decreased by widening the gaps
between the pillars which support the membrane. By doing so, the pressure in the
permeate side of the contactor could be more evenly dispersed over the membrane
surface resulting in generally higher transmembrane pressure difference.

For the sample collection, the problem is mainly located in the first condenser as the used
setup had insufficient cooling to collect any samples. This insufficiency could be resolved
by either decreasing the temperature of the cooling or by increasing the residence time.
Also, it would be beneficial if a sampler could be connected to the bottom of the cooler to
provide the possibility of immediately taking a sample without loss of vacuum pressure.
This way, samples can be taken more productively.

Lastly, the analysis method of the methanol-water mixtures should be evaluated. In this
research, a GC-FID analysis was used which is rather uncommon for methanol-water
solutions as the FID detector does not pick up any water alongside the fact that the
samples must be diluted in another solvent as to prevent the water from disturbing the
sample evaporation. Generally, the combination of measuring the refractive index and the
density is used to evaluate these types of mixtures, as it is a simple method that requires
no dilutions or any other type of sample preparations. Unfortunately, no samples were
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measured using this method as it was initially viewed as unstable due to fluctuating
results caused by temperature changes.
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5. Conclusion

As the objective of this research was to evaluate the liquid entry pressure (LEP) for
membrane distillation applications, four different parameters were evaluated to address
their impact. All parameters were tested using five different aquatic solutions containing
a single organic component (i.e. methanol, ethanol, acetic acid, acetone and acetonitrile),
to propose a correlation to predict the LEP for a given mixture. Initially, all mixtures
except acetonitrile-water were considered as model systems, based upon which the
correlation was predicted. The Acetonitrile-water solutions on the other hand were
utilized as a proof of concept to evaluate the proposed correlation.

For the concentration, the LEP seemed to decrease as the organic component content
increased, for all mixtures except acetic acid. As this contradicted findings within the
literature for the acetic acid-mixture, the system was no longer taken into consideration
as a model solution. Furthermore, the LEP showed a linear relation with the negative
logarithm of the concentration of the organic component.

When regarding the contact angle and the surface tension, a positive relation was found
with the LEP. When comparing the measured data of the surface tension to those found
in literature, all systems except acetonitrile-water showed great resemblance between
both sets. As two different sets were obtained, both could be compared within the proof
of concept.

Last, the Kamlet-Taft polarity factor was gathered from the literature. This parameter also
showed a positive relation to the LEP and was therefore taken along as a potential factor
to predict the LEP.

As the result of the curve fitting, the following equation was proposed:
LEP = —0.0459ycos (6 + 0.937)

with y; and 8 corresponding to the surface tension and the measured contact angle
respectively, and a correction angle which is equal to 53.7° or 0.937 rad. This correlation
was deemed the best fit with an R? 0f 0.9703 and a maximum deviation of 154.5% and an
average deviation of 24.53%. Additionally, when comparing the data from acetonitrile-
water to the proposed equation, it was found that the predicted model showed a constant
underestimation (no larger than 25%) when using the measured surface tension data. The
literature data for the surface tension however, resulted in a constant overestimation with
alarger error margin in comparison to the measured surface tensions. Also, as an addition
to the proof of concept, experiments by Hereijgers et al. (2015) was compared to the
proposed equation resulting in an average deviation of 26.09%.

At the end of the thesis, a vacuum membrane distillation was performed to evaluate how
well the membrane microcontactor could perform for such an application. Based on the
samples during the experiment, no breakthrough was detected along with a decrease in
concentration of the organic component for the permeate samples which indicates the
evaporation of the organic component. For the permeate samples, very low
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concentrations were measured, indicating that either methanol was escaping the system
or water was getting in. The latter seemed less probable after careful analysis of the mass
balance. Therefore, a couple of possible improvements were proposed to overcome
current issues with the vacuum pressure at the permeate side, sample collection and
analytical methods.
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Appendix A

Table 16: Curve fittings executed for the LEP equation formulation

Mixture

Parameter

Equation

Methanol-water

Surface tension
Contact angle
Kamlet-Taft

ST(x) = 31.32 * exp(—10.45 * x) + 39.98 * exp (—0.5899 * x)

CA(x) = 16.36 * exp(—6.164 * x) + 94.61  exp (—0.4279 * x)

KT(x) = 0.4371 * x* + 0.07576 * x3 — 0.9636 * x + 0.03642
*x + 1.096

Ethanol-water

Surface tension
Contact angle
Kamlet-Taft

ST (x) = 42.25 * exp(—16.36 * x) + 29.06 * exp (—0.2945 * x)
CA(x) = 34.05 * exp(—5.535 * x) + 78.07 = exp (—0.8338 * x)
KT(x) = —5.682 * x* + 12.52 * x> — 8.71 * x2 + 1.317 * x

+ 1.097

Acetic acid-water

Surface tension
Contact angle
Kamlet-Taft

ST(x) = 29.6 * exp(—17.34 * x) + 41.7 = exp (—0.4725 * x)
CA(x) = 12.65 * exp(—400.4 * x) + 97.55 = exp (—0.5313 * x)
KT(x) = —3.409 x x* + 7.166 * x> — 5.071 * x? + 0.8018 * x

+ 1.091

Acetone-water

Surface tension
Contact angle
Kamlet-Taft

ST (x) = 38.54 * exp(—19.68 * x) + 32.77 * exp (—0.3672 * x)
CA(x) = 27.42  exp(—381.9 * x) + 82.78 * exp (—0.6973 * x)
KT(x) = —1.399 % x* + 3.023 x5 — 1.84 * x2 — 0.1847 = x

+ 1.091

Acetonitrile-water

Surface tension
Contact angle
Kamlet-Taft

ST(x) =39.48 x exp(—13.74 * x) + 31.83 * exp (—0.03602 * x)
CA(x) = 34.22 % exp(—19.98 * x) + 76.04 = exp (—0.2128 * x)
KT(x) = —4.108 * x* + 8.013 * x3 — 4.454 » x? + 0.1988 = x

+ 1.098

x: concentration of the organic component, expressed in mol percent (as a decimal)

Table 17: R-square and adjusted R-square for the fitting equations

Equation

R-square Adjusted R-square

ST(x) = 31.32 * exp(—10.45 * x) + 39.98 * exp (—0.5899 * x)

CA(x) = 16.36 * exp(—6.164 * x) + 94.61 * exp (—0.4279 * x)

KT(x) = 0.4371 x x* + 0.07576 * x> — 0.9636 * x? + 0.03642
*x + 1.096

ST(x) = 42.25 * exp(—16.36 * x) + 29.06 * exp (—0.2945 * x)
CA(x) = 34.05 * exp(—5.535 * x) + 78.07 * exp (—0.8338 * x)
KT(x) = —5.682 x x* + 12.52 * x> — 8.71 x x2 + 1.317 * x

+1.097

ST(x) = 29.6 xexp(—17.34 x x) + 41.7 * exp (—0.4725 * x)
CA(x) = 12.65 * exp(—400.4 * x) + 97.55 * exp (—0.5313 * x)
KT(x) = —3.409 * x* + 7.166 * x> — 5.071 * x% + 0.8018 * x
+ 1.09

ST(x) = 38.54 * exp(—19.68 * x) + 32.77 * exp (—0.3672 * x)
CA(x) = 27.42 = exp(—381.9 * x) + 82.78 = exp (—0.6973 = x)
KT(x) = —1.399 * x* + 3.023 * x3 — 1.84 * x2 — 0.1847 * x

+ 1.091

ST(x) = 39.48 * exp(—13.74 * x) + 31.83 * exp (—0.03602 * x)
CA(x) = 34.22 * exp(—19.98 * x) + 76.04 * exp (—0.2128 * x)
KT(x) = —4.108 * x* + 8.013 * x3 — 4.454 * x? 4+ 0.1988 * x

+ 1.098

0.9997 0.9988
0.9915 0.9787
0.9964 0.9939
1 0.9999
0.9828 0.957
0.9986 0.9977
0.9999 0.9997
0.9252 0.8131
0.9999 0.9998
0.9999 0.9998
0.9757 0.9392
0.9999 0.9998
1 1
0.9992 0.9979
0.995 0.9916

x: concentration of the organic component, expressed in mol percent (as a decimal)
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