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Answers to the comments from Reviewer #1
The authors acknowledge the positive appreciation of Reviewer #1 and the comments
provided. We dealt with these comments in the following way:

“Reviewer #1: | think the authors tried to correspond to the comments of the
referees and the manuscript is acceptable with minor revisions. The followings

are my comments.”

1) | pointed that there were errors or confusion in expression. After revision,
most of them were corrected. However at the 1st line in page 21 and in
the caption of Figure 3, the expression 'pperm,i' remains. Please correct
them.

In the caption of Figure 3 and at page 11, line 1 (now line 25), ‘ppem, Was replaced

by ‘pi,perm’-

2) | think the authors' answers to the comments of Reviewer #3 are
important. Although | feel the swelling of 5% of the thickness is
sometimes substantial, it is not easy to predict the changes of permeation
parameters under the condition.

In order to clear out this issue, the following paragraph was introduced:

Page 8, starting line 49: “In both cases, it was observed a minimal membrane
swelling (taking swelling as an increase of the membrane dimensions, due to
solubilisation of constituents of the feed stream). In spite of low membrane swelling,
which translates in a very small change of membrane thickness (negligible in the
case of the ceramic membrane and lower than 5% in the case of POMS), the
internal structure of both membranes changes during the transient period, affecting
the corresponding values of the solute diffusion coefficient. This is why the diffusion
coefficient evolves during the transient period. This effect is captured by the
experimental results obtained and the model developed.”
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3) So the present methodology is practically important. From this
viewpoint, the answer to the comment 5) of Reviewer #3 is better to be
mentioned in the manuscript, probably in the Appendix.

Following the reviewer #1 comment, the following text was introduced in the
manuscript:

Page 9, lines 45-46 (now page 10, lines 3-5): “Equation (3) assumes a

predominantly diffusive flux over a convective flux, assessed by the calculation of

the Peclet number, which is lower than 0.18 in both case-studies”.

Answers to the comments from Reviewer #3
The authors acknowledge the comments provided by Reviewer #3. We dealt with these

comments in the following way:

“Reviewer #3: Although the authors accepted some of my comments they did
not answer (or probably did not understand) my main (the first) question. | agree
that there is no way to measure experimentally the solute local concentrations
inside the membrane during short transient periods.

1) But who can approve that concentration profiles which are evaluated
using experimental time-dependent flux and accepted model are
realistic?”

The approach proposed in this work allows for measuring solute concentrations in the
feed and permeate streams, in contact with the membrane, at very short time intervals
(differential time increments). From this information, it is possible to infer instantaneous
solute concentration driving forces and, ultimately, time-dependent diffusivities and
concentration profiles across the membrane during short transient periods. Traditional
approaches where, the concentration of solute in the contacting streams is determined

for a long time-span, do not allow for obtaining this information.

1) “Another important thing - knowing of dependence D(t) do not allow us to
use it for other membrane and/or other feed solution. So, | am afraid that
knowledge of D(t) is useless for the predicting purpose.”

The characterisation of the transient transport proposed in this work is supported in
experimental data, which should be acquired for each case-study under study. The
approach developed allows for comparing D(t) and solute concentration profiles for
different membrane-solute systems and infer about the impact of membrane

characteristics and solute properties on the transport process.
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1. Introduction

Mass transport through dense membranes is most commonly studied under steady-
state conditions, when constant permeate flux of solutes and solvent are observed. The
study of the transient period of mass transport, although more complex, has attracted
the attention of researchers because it may offer a route for a better understanding of
the membrane under study and how it interacts with the permeating species. Mass
transport in pervaporation but also in organic solvent nanofiltration [1], gas and vapour
permeation, is usually described by the solution-diffusion model [2-5]. Therefore,
estimation of diffusion coefficients during the time-course of the transient transport
process is critical. This issue is relatively simple when the permeating species do not
induce major alterations in the structure of the membrane, as is the case of most gases
when permeating through polymeric membranes, but it becomes rather complex when
the permeating species have very high affinity to the membrane, causing swelling and
rearrangements in the membrane structure [6], which impact in their flux and

selectivity.

The most common technique used to characterise mass transport through dense
membranes is the time-lag method, originally conceived by Daynes in 1920 [7], in order
to study mass transfer through an elastomeric material. This method was refined and
extended by authors as Barrer and Crank, and applied to a large variety of materials.
Rutherford and Do published an excellent review of the most significant work
developed with this technique up to 1997 [8]. The time-lag permeation method is a
flexible and powerful technique that can give both equilibrium (sorption coefficient) and
transport properties (diffusivity and permeability) in a single experiment [9].
Nevertheless, the standard mathematical analysis used with this technique assumes
that the concentration of the permeating compounds is null inside the membrane at the
downstream side and that the diffusion coefficient is constant throughout the transient
permeation period. Therefore, the calculated diffusion coefficient does not account for
possible material rearrangements that permeating solutes may cause during the initial
stage of the transient regime [10 - 12]. Some authors [13 - 15] calculated
concentration-dependent diffusion coefficients from transient sorption data. These
studies were performed by changing and monitoring solute concentration at the
upstream face of the membrane, in order to determine the plasticisation parameters of
a penetrant, which diffusivity is assumed to depend exponentially with its concentration.
However, the treatment of data is established assuming a Fickian diffusion process

with a constant diffusion coefficient.
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Most time-lag work has been performed with mono-component gas systems, where
data is obtained by an accurate recording of pressure in the receiving compartment
but, more recently, several papers have been published using on-line mass
spectrometry in order to characterise the simultaneous permeation of multiple species
[10, 11, 14 - 16]. On-line mass spectrometry (MS) is a suitable monitoring tool for
characterising the whole transient regime of permeation of mixtures of compounds
through dense films, because it allows for determining permeate compositions and
partial pressures, fluxes and selectivities in real-time [17]. Bowen et al. [10] measured
constant diffusion rates of different compounds in zeolite membranes using the time-
lag analysis through transient responses in the permeate, monitored with a quadrupole
mass spectrometer. A similar technique was used by Tanaka et al. [11] to measure the

diffusion coefficient in polymeric membranes.

The challenge still relies on the development and validation of an on-line mass
spectrometry technique able to acquire composition data in the permeate compartment
with a minimal time interval. Ideally, one data-point per second would allow studying
systems that undergo a fast change during the initial transient stage of species
penetration in the membrane [17, 18]. Additionally, the transport of vapours through
dense membranes introduces a degree of complexity which results from the non-
constancy of the diffusion coefficient along the time-course of permeation during the
transient period [8, 9], due to the progressive increase of concentration of the
permeating species inside the membrane. This increase in concentration may lead to
membrane swelling and rearrangement of the polymer material with impact on the

permeation process and, ultimately, the diffusion coefficient of these species.

The changes occurring in a membrane during the whole transient regime depend on its
internal structure and impact directly on the diffusion of the permeating species through
the membrane. Therefore, the study of the whole transient regime may contribute for
the fundamental understanding of structure-transport relationships in dense
membranes. The design, development and fabrication of new and improved

membranes for specific applications will directly benefit from this knowledge.

The goal of this work is to develop an adequate methodology for characterising solute
transport through pervaporation membranes or, more generally, through dense
membranes, in the whole transient regime. What really matters is the impact of the
solute local concentration on the membrane itself and, ultimately, on the ease /

difficulty of solute movement (diffusion) across the membrane. To the best of our

3
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knowledge there is no way to measure experimentally the solute local concentrations
inside the membrane during short transient periods. Experimental approaches such as
Raman confocal microscopy could give the required spatial resolution but not within the
required time-scale. Therefore, there are not techniques allowing for obtaining local
solute concentrations during the fast transient periods under study. The approach
followed in this study is based on the ability to obtain permeation data with time
intervals as short as 2 seconds. Considering the extremely high quality of the data
obtained (with not observable scatter) this data can be further interpolated, making
possible to obtain a “continuum” of permeation data (and a “continuum® of D(t)
experimental vales). The approach followed in this work is therefore supported on the
assumption that, although the diffusion coefficient does not depend intrinsically from
time, this dependence accommodates all possible effects that impact on the diffusion

coefficient values.

A real-time characterisation of transport through dense membrane is obtained by on-
line MS monitoring in terms of the solute partial pressures and fluxes. With these
experimental parameters, together with the sorption coefficients of the solutes in the
membranes under study, a mathematical model is developed in order to estimate the
permeating solutes concentration profiles across the membrane, along time. The
characterisation of the transient regime was carried out in this work for evaluating the
changes that occur in the membrane material when exposed to penetrating solutes.
Time-dependent diffusion coefficients, D(t), were calculated, supported on the on-line

MS monitoring technique, where each increment of time was as short as 2 seconds.

Two case-studies were selected, corresponding to different systems, using permeating
solutes with different affinity towards the membranes under study. The dehydration of
solvents, in this case of isopropanol, was selected because it is the most relevant
industrial application of pervaporation processes, with important economical savings
when compared to conventional distillation processes [19 - 21]. This system was also
selected because, due to the character of the membrane (ceramic, hybrid silica-based,
HybSi®), minimal changes are expected to occur in the membrane structure during
permeation [22 - 23]. The second case-study selected involves the recovery of aromas
from dilute aqueous streams, in this case of dilute ethyl acetate in water. A modified
silicon—rubber composite membrane (polyoctylmethylsiloxane-polyetherimide, POMS-
PEI) is used in this organophilic pervaporation process and a higher degree of polymer

rearrangement is anticipated.
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2. Experimental

2.1. Materials

The components used to prepare the feed solutions were isopropanol (99.8% Merck,
Germany), ethyl acetate (99.5%, Merck, USA) and deionised water. Two different types
of dense membranes were used, a tubular Hybrid Silica selective ceramic membrane
HybSi® (Pervatech, The Netherlands) and a modified silicon—rubbery composite
membrane of polyoctylmethylsiloxane supported on a porous structure of
polyetherimide POMS-PEI (GKSS, Germany). These membranes were selected to be
used, respectively, in the dehydration of solvents [24] and in the recovery of a
representative aroma compound from wine-must [17, 25]. These membranes were
used for isopropanol dewatering and for ethyl acetate recovery. The properties of these

membranes are in listed in Table 1.

2.2. Experimental set-up
The pervaporation-condensation system used was coupled on-line to a mass

spectrometer using the experimental setup represented in Figure 1.

The set-up for isopropanol dewatering includes a tubular stainless steel pervaporation
cell (Pervatech, Netherlands) connected to a condenser. The feed vessel was a water
jacketed vessel in which the temperature of water was controlled by a controlling bath
(model CW 05G, JeioTech, Korea). The pervaporation module and the permeate circuit
(to the condenser) was covered with a heating tape connected to a temperature
controller (CB100, from RKC Instruments Inc., Japan). A rotary vane pump (DUO 2.5,
Pfeiffer Vacuum, Germany) assured vacuum conditions in the permeate circuit and the
downstream pressure was measured by a pressure gauge consisting of a capacitance
manometer, model 600 Barocel, and a transducer power supply model 1575 (BOC
Edwards, UK). The condenser was a glass U-shape trap immersed in liquid nitrogen
(temperature of -196 °C) which condensed all vapours permeating through the
membrane. The splitting system to the MS consisted of a sapphire needle valve at
60°C in order to avoid vapour condensation. The mass spectrometer (Prisma Plus
QMG 220 M2, Pfeiffer Vacuum, Germany) was used with an axial beam ion source,
emission current 1mA, electron energy 70 eV, single quadrupole, secondary electron

multiplier SEM detection.
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The pervaporation unit used for the recovery of ethyl acetate from water is described in
detail in Brazinha et al. [17]. The rig includes a flat membrane test cell, which provides
a radial flow over the membrane, and two condensers in series. The condensers were
U-shaped traps: the first condenser was immersed in a refrigerated bath (FP500-MC
model, Julabo, Germany) and the second one in liquid nitrogen. The feed water-
jacketed vessel, the rotary pump and the devices for measuring pressure and
temperature in the downstream circuit were the same as in the isopropanol dehydration
system. The mass spectrometer (QMAL125, Blazers, Germany) had the same features
of the mass spectrometer of the previous system but with a Faraday Cup detection.
The permeate was connected to the mass spectrometer through a splitting system with
a needle valve installed in a tube line and adjusted according to the objective of each

experiment.

2.3. Operating conditions

The feed compositions used in the pervaporation experiments were 5% wt of deionised
water in isopropanol and 50 ppm of ethyl acetate in deionised water. In both systems
the solutes were added in the beginning of the experiments and conditions were
imposed in order to assure a constant feed composition during the experiments. The
isopropanol dehydration unit was operated with a feed volume of 1 L and at linear feed
stream velocity inside the membrane module of 2 m/s corresponding to a Reynolds
number of approximately 4500. Temperature of the pervaporation module, the feed
vessel and the permeate circuit was kept constant at 40 °C. The permeate pressure,
Prerm [Pa], was kept at 83 Pa. Regarding the ethyl acetate recovery, experiments were
performed with a feed volume of 11L in order to ensure that the concentration of solute
was constant throughout each experiment. The feed Reynolds number was maintained
constant at 430 [25]. The temperature of the feed vessel and the permeate circuit was
kept at 24+1 °C and the permeate pressure was varied between 100 and 200 + 10 Pa.
The properties of the feed solution are listed in Table 2. The Henry constant of
compound i, H; [Pa], is the product of its activity coefficient, y; [-], and its saturated

vapour pressure, py; [Pa].

2.4. Sorption experiments

The sorption experiment of water in the HybSi® material was conducted at 40°C
starting with a binary mixture of 5%wt water in isopropanol (IPA), as in the
pervaporation experiment performed to process this solution. The material was the
active dense layer of the organic-inorganic hybrid silica-based hydrophilic membrane,

HybSi®, provided by Pervatech. Small pieces of this active dense layer of HybSi®

6
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were placed in contact with the solution, in a mass ratio of solution to material of 3:1, in
vials commonly used for headspace sampling in GC analysis, in order to assure a
close system. A stirring and heating plate with a temperature controller was used. The
vial was stirred with a magnetic stirrer for homogenising the mixture. The water content
in the solution was periodically measured with a Karl-Fisher equipment (Model 756 KF
Coulometer, Metrohm, Switzerland) after sampling with a gas tight syringe, from the
beginning of the experiment until a stabilised value of water concentration was
reached. Determination of sorption of ethyl acetate in the dense polymer POMS at
18°C is described in Schafer et al [28] using a similar method used for water, as

described above.

2.5. Mass Spectrometry monitoring

A mass spectrometer characterises compounds according to their specific mass to
charge ratio (m/z) and intensity of electric signal, providing a characteristic mass
spectra of a specific compound. First the mass spectra are acquired in the scan mode
in order to detect all mass fragments (m/z) for a defined compound. After the
characteristic mass peaks are chosen, MS data is shown in the multiple ion detector
(MID) mode. The selected mass fragments monitored were: m/z 18 for water, m/z 43
for ethyl acetate and m/z 43 also for isopropanol (ethyl acetate and isopropanol were
not present in the same samples). The calibration procedure chosen is described in
detail in [17]. Briefly, it converts the MS intensity of each individual compound in its
corresponding pressure, assuring that each compound under study is the only specie
in the circuit. The temperature is maintained constant as in the pervaporation
experiments, measured and controlled with a temperature controller (CB100, from RKC
Instruments Inc., Japan) connected to a heating tape in the circuit. This calibration
procedure allows for studying situations where a sudden and significant change in
composition of the vapour stream occurs, since it can be performed in a wide range of

partial pressures.

2.6. Off-line analysis

In order to confirm the concentrations provided by mass spectrometry, off-line analyses
were performed to the condensate of the pervaporation experiments for both systems.
The water content of the condensate was measured by a Refractive Index equipment.
The concentration of ethyl acetate was measured by Gas Chromatography GC using a
gas chromatograph CP-3800, Varian, USA, connected to an automatic sampler (Combi
PAL, CTC Analytics, Switzerland) with a FFAP-CB capillary column Varian CP 7485.
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The method is described in [19]. Before injection, a previous dilution with water was
performed, followed by a solvent extraction step with diethyl ether.

2.7. Calculation methods

Fittings to experimental data were performed using the TableCurve 2D® software. The
model for characterising solute transient transport was developed using the Maple and
the Wolfram Mathematica technical computing softwares, two different programs used

in an independent way in order to assure confidence in the results.

3. Results and Discussion
3.1. Sorption experiments
At 40 °C, the solution of water in isopropanol (5.0 % wt of water in isopropanol) in
contact with the hybrid silica membrane, HybSi®, reached equilibrium conditions in less

than two hours, as shown in Figure 2.

The sorption coefficient obtained for water in hybrid silica, HybSi®, was found to be
Sw=1.2, using equation (1):

wsolution_{eqyilibrium conditions (1)

S = Ww,membrane
w=|l—

where w [-] is the weight fraction. Sorption coefficient experiments were also performed
for ethyl acetate in POMS, according to [28]. The sorption coefficient determined was
5.4, at 18 °C, which was assumed to be very similar at 24+1 °C (the temperature used
in the pervaporation experiments). The sorption coefficients values for the two solutes
under study in the respective membrane materials show that these solutes have a

higher affinity towards the contacting membranes than to the solutions.

In both cases, it was observed a minimal membrane swelling (taking swelling as an
increase of the membrane dimensions, due to solubilisation of constituents of the feed
stream). In spite of low membrane swelling, which translates in a very small change of
membrane thickness (negligible in the case of the ceramic membrane and lower than
5% in the case of POMS), the internal structure of both membranes changes during the

transient period, affecting the corresponding values of the solute diffusion coefficient.
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This is why the diffusion coefficient evolves during the transient period. This effect is
captured by the experimental results obtained and the model developed.

3.2. Characterisation of steady state transport properties

The length of each pervaporation test was enough to ensure that steady state was
achieved (easily identified through the established MS online monitoring technique).
The condensate from the steady period state was collected and characterised (using a
Refractive Index measurement or by gas chromatography, according with the
experiment) in terms of the solute molar fraction, partial fluxes (calculated from total
fluxes and permeate composition), permeabilities, diffusion coefficients and selectivity
(see Table 3). Composition of permeates, at steady state, determined off-line, was
compared with the composition obtained on-line by MS measurement. Permeabilities,
P; [m?/s] were calculated using the 1st Fick’s law for systems at steady-state, using the
sorption coefficient of solute i experimentally determined (water and ethyl acetate) and
considering the gradient of partial pressure as the driving force of the process, through

equation (2):

Pi
‘]i :L.—Hi'(pi,feed - pi,perm) (2)
where pirwes and piperm [Pa] are respectively the partial pressure of compound i in the
feed and permeate compartments, which were calculated by the Raoult and Henry’s

laws.

P

‘]i = L—I ’ (Xi,feed VAR P.i (Tfeed )_ yi,perm ’ pperm)
! (2)

where L is the thickness of the active dense layer of film (m), Treq is the temperature at

the feed side and yiperm [-] is the molar fraction of compound i in the permeate.

The solutes’ diffusion coefficients in the steady state, D; [m?/s], were calculated through

equation (3)

P-S.D (3)
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and the solute selectivity in relation to the solvent, aj; [-], was defined as the ratio of the
solute and solvent permeabilities. Equation (3) assumes a predominantly diffusive flux
over a convective flux, assessed by the calculation of the Peclet number, which is
lower than 0.18 in both case-studies.

The ethyl acetate diffusion coefficient in the POMS membrane was found to be three
orders of magnitude higher than the water diffusion coefficient in the hybrid silica
membrane (see Table 3), even though ethyl acetate is a larger molecule (molecular
mass of 88 g/mol) than water (molecular mass of 18 g/mol). This behaviour may be
explained by the fact that the hybrid silica membrane, HybSi®, has a more rigid

structure than the elastomeric POMS membrane.

3.3. Characterisation of solute permeation by on-line mass spectrometry

The transient period of pervaporation was characterised in terms of real-time permeate
compositions and partial fluxes of the solutes (water and ethyl acetate), through on-line
mass spectrometry monitoring, as shown in Figure 3. Considering the linear relation
between partial fluxes and corresponding intensities of electric signal of the
characteristic mass peak, as shown in [18], the on-line partial fluxes, J; (t), were

calculated using equation (4):

|
1) @

The partial fluxes obtained using off-line methods (when the system is under steady
state) were found to be similar to those obtained by mass spectrometry for the same
period, as can be seen by comparing Ji values, shown in Table3 and Figure 3. The
values obtained by mass spectrometry in steady state were, therefore, validated when

compared with those obtained by off-line measurement.

The partial pressures of each solute i in the permeate side, p;pem [Pa], and its partial
fluxes, J; [m/s], were obtained by MS monitoring, enabling the acquisition of one data-
point in every few seconds. This result is particularly remarkable and useful for
monitoring fast transient periods. In this work it was possible to acquire one data point

every two seconds, but this acquisition period may be additionally reduced.

The equation of transport (2”) and equations (5) and (6), obtained combining the

equation of transport (2') with equations (3) and (4), were defined for the whole

10
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transient period, making possible to relate the flux and the diffusion coefficient of the

solute:
‘]i (t): kl : Di (t) (k2 - pi,perm(t)) (2”)
Si
“TTn, ®
kz = Pi, feed (6)

where L [m] is the thickness of the membrane, x [m] is the space coordinate through
which the mass transport occurs across the membrane, x=0 corresponds to the
membrane/feed interface and x=L corresponds to the membrane/permeate interface.
k, [Pa*.m™] and k, [Pa] are constants. The partial permeate pressure of the solute
Piperm [Pa] and the solute partial fluxes J; [m/s] evolve along time and were determined
with a time interval as short as 2 seconds. The solute diffusion coefficient, D; [mzls], is
only dependent on time and is a spatial average for each short At. Consequently,
solute diffusion coefficients through the whole transient period were calculated, from

eq. (2”) to (6) (see Figure 4), using eq. (7):

__ 30 g s
D(t)_kl[kz_p(t)] o0 7)

The evolvement of D(t) along time, presented in Figure 4 for the transport of water
through the HybSi membrane and for ethyl acetate through the POMS membrane,
offers extremely interesting information. In first place, it presents the actual values of
the diffusion coefficients of target solutes and allows for comparing their absolute
value. For the cases under study, it was interesting to find that the water diffusion
coefficient through the HybSi membrane is smaller than the ethyl acetate diffusion
coefficient through the POMS membrane. This behaviour results from the character of
the HybSi membrane, which presents a more rigid structure, making difficult the
diffusion of any permeant. In contrast, POMS is known as an elastomeric polymer that
can easily accommodate permeant compounds, which can ultimately induce
rearrangements in the polymer structure and lead to swelling effects. When comparing
the evolvement of D(t)/D~ for both solutes it can be observed that the diffusion

coefficient of water in the HybSi membrane reaches its steady state value, (D.),

11
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quicker than ethyl acetate in POMS, which is explained by the minor effect it induces
in the structure of the more rigid membrane HybSi material. These curves, D(t)/D,
allow therefore to infer about the relevance of solute-membrane interactions and their

relative importance.

It is interesting to mention that the transport of ethyl acetate through a POMS
membrane can be studied using the time-lag method. The value found for the diffusion
coefficient of ethyl acetate using this method is 1.2 x 102 m%s with a time-lag of 13.8s.
This value is of the same order of magnitude of the average value of the experimental
time-dependent diffusion coefficient of ethyl acetate (Figure 4b) between 0 s and 13.8 s
(5.6 x 102 m?%s, calculated from Figure 4b). However, the time-lag method does not
allow to obtain a complete D(t) evolvement curve which can tell us a lot about the

relevance of the solute-membrane interactions established.

3.4. Development of a mathematical model for solute transient transport through
a dense membrane

Supported on the quality of the experimental data acquired by mass spectrometry, the
next step was to derive the concentration profiles of the permeant solutes along the
diffusion spatial coordinate (assuming a unidirectional flux). Using the on-line data
obtained by mass spectrometry, the permeating solutes concentration profiles across

the membrane were calculated along time.

In order to develop this mathematical model, fittings to the experimental values of
solute permeate pressure (Figure 3) and solute flux were performed using the
TableCurve 2D® software and were used in the model. Solutes sorption coefficients
were also considered in the model, as well as other constants related with the solutes,
namely their saturated vapour pressure at feed temperature, their Henry’s constant and

their molar fractions at the feed and permeate compartments (see eqg.s. (2”), and (5) to

(7).

The analytical model proposed for the transient mass transport of a solute through a

dense membrane material considered the following assumptions:

i. the fluid dynamic conditions used are sufficiently good to assure that the
external mass transfer boundary layers (feed and permeate) are not relevant;
. the solute sorption is an extremely fast process that does not limit the process

from a kinetic point of view;

12
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iil. the active membrane layer is considered homogeneous for each short
increment of time between measurements , and
iv. the diffusion of the solute is unidirectional, occurring only in the perpendicular

direction to the membrane surface.

The first assumption is valid for the system of ethyl acetate in water according to the
study performed previously for ethyl acetate transport versus feed Reynolds number
[25]. This assumption is also valid for the system of water in isopropanol considering
the high value of feed Reynolds number of 4500, which clearly assures a turbulent
flow, confirmed by the study of water transport versus feed Reynolds number, as
referred in [25]. The second assumption reflects the fact that interfacial phenomena are
not the rate controlling steps in the penetrant transport from the external phase into the
membrane material [15]. The third assumption is reasonable if we consider the
extremely short time-interval achieved for data acquisition by mass spectrometry. The
fourth assumption considers that the volume change of the polymer is small enough to

assure a non-deformed coordinate system.

The change of concentration inside the membrane in the transient state can be given

by the following expression:

@_Q(D(t)@jzo; O<x<L,t>0 (8)
ot ox OX

where x=0 and x=L corresponds to the upstream and downstream interfaces of the

membrane, respectively.

The initial condition of the model:

c(x,0)=0; 0<x<L ©)

means that no solute is in the membrane at t = 0. The boundary conditions are:

c(0,t)=c; t>0 (10)

-DOZ(LY=30) t>0 (11)

13
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where ¢, [-] is the solute concentration at the upstream surface of the membrane (x=0)
(in weight fraction units) which considers the solubility of the solute in the membrane,
and is given by the product of the solute concentration in the bulk feed solution (which
was kept constant during the pervaporation experiment) and the solute sorption
coefficient. The concentration at the downstream surface of the membrane (x=L) and
for t>0 is considered to be given by the partial pressure in the permeate circuit in each

instant of time.

The output of the model is the concentration of the solute inside the membrane, which
varies with the spatial coordinate x and time t, c(x, t). The solution of the model is a
concentration c(x, t) that is given as the sum of a transient (u) and of a quasi-stationary

(r) component:

c(x,t)=u(x,t)+r(xt); 0<x<L, t>0 (12)

The transient component, function of x and t, was the product of orthogonal functions
Xn(X) and T,(t), unique solutions of the problem of Cauchy type solved numerically
through the Euler method. The quasi-stationary component, function of x and t, were
calculated with series of Fourier. When the diffusion coefficient was considered
constant, the model was solved analytically. The detailed explanation of the solution of
the model is given in Appendix A.

Figure 5 shows the solutes’ concentration profiles inside the membranes at different
instants of time, considering time-dependent diffusion coefficients, for the systems
water / HybSi and ethyl acetate / POMS-PEI. Time zero corresponds to the instant of
time immediately before the solute started permeating the membrane, according to the

initial condition of the model (eq. 9).

The calculated concentrations profiles and their evolvement with time are extremely
difficult to acquire experimentally, involving the use of sophisticated techniques, namely
confocal methods such as confocal Raman. For the very short time span associated
with transient periods it may be not possible to use these techniques and, under these
circumstances it may not be possible to acquire solute concentration profiles inside
dense membranes for the transient period. The concentration profiles presented in

Figure 5 are non-linear and progressively approach a more linear profile. This

14
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behaviour reflects the evolvement of the membrane material as the penetrant solute
starts by inducing rearrangements in the membrane structure until a more stable
internal arrangement is achieved, as steady-state approaches. As expected, it can be
seen the fast evolvement of the concentration profiles when water permeates the
HybSi membrane (a shorter membrane rearrangement is induced), while this process
takes longer when ethyl acetate is transported through the elastomeric POMS-PEI

membrane.

In Figure 6, water and ethyl acetate concentrations inside the respective membranes,
at the downstream interface of the membrane, are plotted as a function of time. Two
different situations were considered: in one case, it was assumed that the solute
transport process may be described by using a constant solute diffusion coefficient,
calculated from steady-state conditions (D constant); in the other case, it was
considered that a variable diffusion coefficient, D(t), is required to properly describe the
solute transport process. Obviously, at steady-state both approaches coincide. As it
can be seen, the use of constant diffusion coefficients, estimated from steady-state
conditions, leads to an overestimation of solute concentrations during the transient
period, which are not correct, although expected since the Dcopstane Values were
estimated when the membranes were already fully rearranged (steady-state) and
transport occurs faster. This Figure shows clearly that the use of constant D values is,
obviously, adequate for describing transport during steady-state; it also shows that they
should not be used to describe transport during the transient period, where they predict
wrongly the time required for permeation of the first molecules to the downstream
compartment and the concentration of solute in the downstream interface during the

transient period.

4. Conclusions

This work demonstrates that on-line monitoring of membrane processes by mass
spectrometry offers a number of unique advantages for the understanding of
membrane-solute interactions during mass transport. Since the composition of
permeate streams can be acquired with time intervals as short as 2 seconds, and
shorter, (see Figure 3) it is possible to follow the transport evolvement of multiple
compounds through dense membranes from the onset of permeation. The way solute
permeation evolves during the initial instants can tell us a lot about the nature of solute-
membrane interactions and how the membrane material adapts to the progressive

penetration of target solutes.
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Specifically this work shows that, using the on-line mass spectrometry technique and
the adequate data analysis presented, it is possible to:

- Determine the actual values of solute diffusion coefficients as a function of time
elapsed since the onset of permeation, D(t) (see Figure 4al and 4a2);

- Compare the absolute values of diffusion coefficient between solutes, for the same
membrane or for different (or modified) membranes (see Figure 4al and 4a2);

- Infer about membrane-solute interactions and their relative importance, i.e., the
impact of solute penetration on membrane adaptation / rearrangement, by analysing
and comparing the evolvement of D(t) curves for different solutes in different
membranes (see Figure 4b);

- Infer solute concentration profiles inside the membrane as a function of time for
different solutes in different membranes (see Figure 5);

- Understand the limitations of describing a transient transport process using diffusion

coefficients calculated from steady-state conditions (see Figure 6).

This methodology represents a fast and simple approach which can be used for
guiding membrane development and better understanding of the impact of different
membrane structures on solute transport. As an example that deserves to be studied,
is the development of membranes starting from the same material but where different
degrees of cross-linking are used [29]. Such membrane structures lead to different
solute-membrane interactions and, therefore, different c(L, t) and D(t) profiles which
can be obtained using the approach discussed. The same applies for situations where
nanoparticles [30, 31] or flakes are introduced within the membrane, either aiming to

increase mass transport or hinder the permeation of given species.
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Figure Captions

Figure 1: Representation of the pervaporation unit with online monitoring of the
permeate stream through MS: (1) feed vessel, (2) recirculation pump, (3) pervaporation
cell and (4) vacuum pump. The splitting system consists of a heated sapphire valve

Figure 2: Sorption kinetics of water in hybrid silica, HybSi®, using a solution of water in

isopropanol at 40°C

Figure 3: Experimental permeate partial pressures, piyerm [Pa] and partial fluxes, J;
[m/s] obtained through on-line mass spectrometry (MS) monitoring (dots) for (a) the
system of water in isopropanol and (b) the system of ethyl acetate in water and the

respective fittings to the experimental data (lines)

Figure 4: Solute diffusion coefficients, D; [m%s], obtained through on-line mass
spectrometry monitoring: (a) water diffusion coefficient in the system of water in
isopropanol and (b) ethyl acetate diffusion coefficient in the system of ethyl acetate in

water

Figure 5: Time dependent solute weight fraction along the membrane for different
periods of time (a) water concentration along HybSi® membrane and (b) ethyl acetate
concentration along POMS-PEI membrane

Figure 6: Solute weight fraction in the membrane at downstream side over time,
calculated using (steady-state) constant and variable diffusion coefficients (a) for water
in isopropanol using HybSi membrane and (b) ethyl acetate in water using POMS-PEI

dense membrane
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Appendix A: Mathematical model to describe the concentration inside the

membrane

The mathematical model aims at characterising the solute transport through dense
membranes in the transient regime. The input of the model is the data obtained

©CO~NOOOTA~AWNPE

experimentally through mass spectrometry tool: flux, partial pressure and consequently
10 diffusion coefficient over time. Using this data, the solute concentration profiles along
the membrane thickness and at the downstream side were estimated. This information
13 is essential to study the transient period and the changes that occurs in the membrane
15 when in contact with different solutes, especially with high affinity to the membrane

17 material.

20 1. The analytical model

20 The following analytical model (equations (8) to (11) of the manuscript) describes the
23 evolution of concentration c(x; t) inside the membrane at a point 0 < x< L and at time t
25 > 0 during all the permeation process. The length of the membrane shall be denoted by

27 L and the concentration, at a point x € [0; L] and at time t = 0, by c(x; t).

30
31 @_Q D@ =0 O<x<L t>0
32 ot oX OX

35 c(x,0) =0; O<x<L
(A1)
38 c(0,t) =c,(t) t>0

42 —D(t)%(L,t):J(t) t>0

46 The second equation stands for the initial condition, which corresponds to zero
48 concentration at all points in the membrane for £ = 0. The last two equations are the
50 boundary conditions. In the upstream side of the permeation process, the concentration
51 is maintained constant since the feed solution does not change in terms of it
53 composition during the process (c(t)) . The second boundary condition; is associated
55 with the flux which is permeating in the downstream surface of the membrane in each

instant of time.

60 The data to the model
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The flux J(t) is given by the experimental data following the equation at any time t = 0

for the whole transient state:

J(t) =k, D(t)[Kk, -p(t)];t >0 (A.2)
Where coefficients k; and k, are positive constants such that:
k,-p(t)>0 forallt>0 (A.3)

The pressure, p(t), which is obtained experimentally through MS (Figure 3 of the

manuscript), is automatically fit into a curve of the following form:;

D Cc e &l _(p E je o
p(t) =B, 1-e o' - P |1+-2 (Dy.E,) t>0 (A4
D, +E, (D,.E,)-C,

where all the coefficients are equal or higher than zero. As a consequence, p(t) =0; for
all t= 0. We remark that r.E_LL*m p(t) = Bsx Es/(Ds + Ex).

The flux will also be given experimentally with the data obtained by the MS (equation

(3) of the manuscript) and will be fit, into a curve of the same type (Figure 3), that is:

D C.eP &k _(p E et
J(t)=B,{1-e " ——— ! (Br.Er) t>0  (Ab)

+
Df +Ef (Df+Ef)_Cf

where all the coefficients are non negative. As a consequence, J(t) 20; for all t = 0. We
remark that :'E-Hn J(t) = Bfx Ef/(Df + E¥).

From (A.2), (A.4) and (A.5), the diffusion coefficient for each instant of time will be

defined as:

D(t):Azo t>0 (A.6)
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2. Solution of the analytical model: Diffusion coefficient varying in the time
In order to solve (A.1), we consider that the concentration c(x; t) is given as the sum of
a transient (u) and of a quasi-stationary (r) components, that is:

c(x,t)=u(xt)+r(xt), 0<x<L, t>0 (A7)

The quasi-stationary component will be of the form r(x, t) = A(t) x + B(t) and will take

care of the boundary conditions, that is, it has to verify:
r(0,t)=c,(t) t>0

- D(t)%(L,t): 1) t>0 (A8)

As a consequence, it will be of the following form:

r(x,t):—ﬂx+cl(t):—kl[k2 - p(t)]X+Cl('[) (A9)

D(x)

Since, from the data of the problem, the quasi-stationary component is known, it only
remains to find the transient component u, which must solve the following problem, with

homogeneous boundary conditions:

6_U_Q[Da_u):_g O<x<L t>0;
ot ox\ ox ot
u(x,0)=—r(x,0) 0<x<L; (A.10)
u(0,t)=0 t>0;
ou
-D(t)—(L,t)=0 t>0.
(L) >

The solution of (A.10) may be given by means of the Sturm-Liouville theory, combined
with a Fourier series technique. The eigenvalues of the associated Sturm-Liouville

problem, in the spatial variable, are of the form:

-

A=[@n-DZ]; n=12,. (A.11)
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The corresponding orthogonal set of eigenfunctions is given by:

¥nlx) =sin [(Zn —-1) E] : 0=x=L n=12,.. (A.12)
Therefore, the transient solution, u, governed by A.10, is given by:

ule, ) =TS T, @sin[2n-DZ]  0=x=L t20n=12. (A3

Where the functions Tn are the unique solutions of the following Cauchy type

problems:

2
aaTt” (t)+ [(Zn +1)2—’ﬂ DT, = Zrt” (t) t>0 (A.14)

an (t)

T,(0)=-r,(0)

And where functions r, stand for Fourier coefficients of the quasi-stationary component

are given by A.9, that is:

:r"(x,t}———x+clll:t} N T(t}sin[(En—i}%] 0=x=L t=0n=12..

With for t=0 and n=1,2,... (A.15)

2 2L J(t) 2L J(E)
"’“':x*ﬂﬁ{‘[( 1}ﬂ]‘: v ( a(z})“L(zn—i}ﬁclm}:‘"”( a(})+ﬁ” c(®)

(A.16)

Therefore, the solutions of the Cauchy problems (A.14) are given by:

t . .
T, () = e~ Jo AnD(s)ds [Tn(ﬂ}+ 5 (-22) e-'f*‘-'lﬂ'ﬂdfds]; t20, n=12.. (Al7)
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The substitution of D(t) and of (A.16) into these equations, leads to a closed form
solution, rather complex in appearance, involving special functions and exponential
integrals.

In order to solve the Cauchy type problems (A.14) we shall consider a classical

numerical implicit Euler scheme:

or,
ot

() t>0

oT, nEa 2 _
p (t)J{(zn 1)2J DT, =

(A.18)
T,(0) =-,(0)

Let At ¢ R denote the time step and define T; = iAt, (i = 0,1,..). Consider the first order

approximation

&Tn vrn':f[}_rn':f[—'_} .
T () BTy — g, (A.19)

Then the problem (A.14) is discretized as follows:

1
1+ AT ApD(t)

Tn (ﬂ} =T (ﬂ}

Tn (ti} = [Tn(ti} - ﬁTh:(ti}]Ji =12 .. (AZO)

for all n=1,2,...and where

. . —Cy DpCyp - —(Dy+E,
7a(t) = @ukyp(t) = @, ky B, {fﬁe Pt — m[e —e "-‘DF“LEF:'*]} (A.21)

3. The Analytical Solution for a constant diffusion coefficient

The model was also developed for a constant concentration ¢(0,t) and diffusion

coefficient to compare the concentration inside the membrane when using the steady

state and the time-dependent diffusion coefficient (see figure 6a and 6b).

D{t)=deR*,c(0,t)=c, € BRY, t =0, (A.22)
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the integrals, in equation (A.19), simplify and one gets, fort = 0 and all n=1,2,..

CplCp—Ep) o= Cot
(@n—Cp)(Dp+Ep_Cp)

—(Dp+Eg)e Cplan-Eg)
e + fﬂnkiﬁw.:En_,_-p][ﬂn_,:DFJrEp]]

T.(t) = lonkiks — Bpcile™@n + @, k4B,

k £ —i@nt
Pn 15?’.;En—.:np+5p}}|__ﬂp+5p—cp

Where a,, = 4,d

(A.23)
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Table

Table 1: Properties of the membranes used in this work

Active laver  Support Active Layer Thickness Internal Effective active
y PP (um) diameter (m) area (m?
HybSi Alumina 0.15-0.20 2 x10° 7.5x 107

POMS-PEI PEI 10.0 - 1.0x10%




Table 2: Properties of the feed solution used in the pervaporation experiments at 40°C

molar fraction, x; [-]  vi[-] pyi x 10Pa] ¥ H; x 10°[Pa]
water,w 0.15 3.0 %°! 0.74 0.21
isopropanol, IPA 0.85 1.0 1.4 0.14
ethyl acetate, eac 1.02 x 10° 50.0 (9 1.2 5.8
water, w ~1.0 1.0 3.0 0.03




Table 3: Steady-state transport properties of pervaporation for the systems water in

isopropanol and ethyl acetate in water using off-line analytical methods

Yiperm [] J; [m/s] .10° P, [m?/s] .10** D;[m?s].10"*  a;[]
water,w 0.99 316 377 3 391
isopropanal, IPA 0.01 5 0.96 - -
ethyl acetate, eac 5.14E-03 0.05 655 121 602

water,w 0.995 10 1 2177




