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Abstract The general objective of this paper is to investi-
gate the separation, with microfluidics, of the components
of a ternary mixture, when using vacuum or purge gas
pervaporation. The ternary mixture considered is a mix-
ture of methanol (MeOH), water (H,O) and hydrogen per-
oxide (H,0,). In a previous work (Ziemecka in Lab Chip
15:504-511, 2015), we presented the proof of concept of
a microfluidic device, which was able to partially sepa-
rate MeOH from the other components of such a mixture,
by using vacuum pervaporation. Here, our goal is to opti-
mize the operation of this device, by considering vacuum
pervaporation, but also purge gas pervaporation. First, we
provide a mathematical model of the device. This model is
used to discuss the influence of the operating parameters on
the device operation. To apply this model to the considered
mixture, we determined the MeOH and H,O permeability
coefficients of PDMS membranes prepared from different
concentrations of the curing agent. The model is then suc-
cessfully compared to experimental data. The model and
the experiments show that high efficiencies can be reached
for both vacuum and purge gas pervaporation, provided
a fine-tuning of the operating parameters. For instance, a
good efficiency of the vacuum pervaporation is reached at
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high temperature and low pressure. For purge gas pervapo-
ration, it is reached for low temperature and high pressure.
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1 Introduction

Hydrogen peroxide (H,0,) has both reducing and oxidizing
properties and is used in a wide spectrum of applications
ranging from cosmetic products to military technology.
Hydrogen peroxide is widely used in industry for bleaching
purposes (paper, tissues) and water treatment. It can also
be used as a source of green energy because when H,0,
is used as a fuel, it decomposes into water and oxygen, i.e.
products with no environmental impact. It is produced in
very high concentration (up to 70 wt% in water) through
the anthraquinone process. The problems of that way of
preparation are effective quinone recycling and formation
of by-products, which have to be disposed.

In recent years, a new high-yield process has been
developed (Bloomfield and Dhaese 2013) based on an
optimized distribution of anthraquinone isomers for the
production of solutions with 100% H,O, content. This
new process led to the construction of mega-scale plants
able to produce massive amount of H,O, per year, which
should direct towards reductions in production costs.
Nevertheless, another issue needing to be addressed lies
on the fact that the manufacture of concentrated H,0,
cannot be performed where it is meant to be used. Indeed,
the H,O, production plants require specific authoriza-
tion and are usually far from urban centres. Therefore,
in most cases, dilution before transportation is needed.
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This is explained by the fact that solutions with con-
centration >50 wt% in H,0, necessitate special atten-
tion regarding their storage and transportation and are
extremely hazardous.

In that context, on-site or even portable production
units to deliver H,O0, on-demand could represent an inter-
esting solution to the issues mentioned above, especially
for applications that require small amount of highly con-
centrated product, such as in microelectronics or medi-
cal cares. These new perspectives have put again at the
forefront of research the direct synthesis of H,O, using
microfluidics technology (Inoue et al. 2010). One of the
crucial steps in this microfluidic process is to obtain, after
reaction, concentrated H,O, by separating it from the
other liquid components present in the synthesis process.

Different microfluidic approaches are used for separa-
tion (Ciceri et al. 2014; Ziane and Salmon 2015; Ziane
et al. 2015). Distillation and pervaporation in microfluid-
ics were already investigated for other systems using dif-
ferent types of set-up (Wootton and de Mello 2004; Hart-
man et al. 2009; Boyd et al. 2008). Zhang et al. (2010)
designed a multi-layered microchip for vacuum distilla-
tion of H,0-MeOH mixtures. The design of the micro-
chip presented in this paper also allows the generation of
a temperature gradient along the device, but it is based
on a set-up more similar to what Lam et al. (2011) have
undertaken. In their microfluidic set-up for multistage
distillation of acetone-H,O mixtures, one side of the chip
is heated up, as the other one is cooled down. Separation
of acetone from water was also lately investigated in a
microfluidic device using PDMS membrane (Zhang et al.
2016). Other examples recently published use PDMS
membrane pervaporation process in microfluidic chan-
nel for solidification of material (Laval et al. 2016) or to
extract the solvent of a dilute colloidal dispersion (Ziane
and Salmon 2015). More exotic designs of microchip
have been realized for fine distillation. For instance, a
rotating spiral microchannel has been used by Maclnnes
et al. (2010) to take advantage of the centrifugal force to
preserve phase separation into parallel-flowing liquid and
vapour layers. Microdistillation devices can also be used
to dissociate thermodynamically unstable species such as
sulphurous acid (Ju et al. 2012).

Regarding the production of H,0, in microfluidics via
direct synthesis, we foresee that next attempt will involve
the use of MeOH as a co-solvent (with H,O), essentially
because gases (H, and O,) dissolve better in MeOH than
in water and because it is inert with the other components.
This should increase the concentration of reactants in solu-
tion and therefore lead to the production of solution with
higher content of H,0, even though will require additional
separation step after reaction: H,O, and H,O will have to
be separated from MeOH.
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In a previous paper (Ziemecka et al. 2015), we presented
the proof of concept that a microfluidic chip based on
vacuum pervaporation can be used to separate, at least to
some extent, MeOH from the other components of a liquid
MeOH-H,0,-H,0 mixture. In the present paper, we fur-
ther analyse the capabilities of this concept and extend it
to purge gas pervaporation. For both vacuum and purge gas
configurations, we propose and validate experimentally an
original method for the optimization of such a microfluidic
chip, while unravelling the key physicochemical phenom-
ena governing its operation. The method is developed for
the MeOH-H,0,-H,0 mixture, but could easily be trans-
lated to other binary or ternary mixtures.

We present in Sect. 2 a dimensionless mathematical
model of our microfluidic chip that we solved numeri-
cally for screening a wide range of values of the operating
parameters for both purge gas and vacuum pervaporation.
The operating conditions leading to the best efficiencies of
the chip are then identified. The design of the microfluidic
chip and the experimental set-up are presented in Sect. 3.
The permeability coefficients of the home-made mem-
brane used for the pervaporation were determined experi-
mentally and are provided in Sect. 4. We verify the con-
sistency of the model with experimental results in Sect. 5
and then demonstrate that the high efficiencies predicted by
the model could indeed be reached experimentally. Conclu-
sions are presented in Sect. 6.

2 Mathematical model of the separation operation
2.1 Model

The scheme of the operation for the separation of the
most volatile compound of a liquid ternary mixture from
the other components is described in Fig. 1. This opera-
tion is based on the difference in boiling temperature of
the three components of the mixture and their abilities of
permeating through a dense PDMS membrane. As the lig-
uid permeates by diffusion through the dense membrane,
it corresponds to the pervaporation process, which has to
be distinguished from the membrane distillation process
in which the membrane is only permeable to gases and
not liquids. As it will be shown in Sect. 4, this membrane
is furthermore not selective to any of the components of
the ternary liquid mixture that is considered in this work.
Table 1 reports all notations used in this paper. The tem-
perature of the liquid in contact with the membrane is writ-
ten 7, while the pressure in the vapour channel is written P.
The liquid feeding mixture is introduced in the cooled part
of the chip, in the so-called liquid channel. The inlet molar
flow rate of the liquid is written L. The liquid mixture, and
purposedly the most volatile component, i.e. MeOH in our
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Fig. 1 Scheme of the separa-
tion operation
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case, pervaporates through the membrane to the heated part
of the chip, in the so-called vapour channel. An axis x is
defined, with x = O at the liquid inlet and x = d at the liq-
uid outlet. L(x) is the molar flow rate at position x in the
liquid channel, while G(x) is the molar flow rate at posi-
tion x in the vapour channel. Counter-current flow is real-
ized (i.e. the gas phase outlet is at x = 0, while a possible
gas inlet is at x = d), as we have shown in Ziemecka et al.
(2015) that it enhances the performance as compared to a
co-current flow. Two configurations are considered: vac-
uum pervaporation with G(d) = 0 and purge gas pervapora-
tion G(d) = rL,, where r is the ratio between the inert gas
and the liquid inlet flow rates. We denote y,, y,(x) and y,(x)
are the molar fraction of a component in the liquid feeding
solution, at position x in the liquid channel and at position
x in the vapour channel, respectively, with y = w for water,
y = m for methanol, y = & for hydrogen peroxide and y = i
for inert gas, which is chosen to be nitrogen in this work.

In our previous paper (Ziemecka et al. 2015), we have
developed a mathematical model for the separation opera-
tion. In this model, both channels are considered as ideal
plug flow reactors. This assumption can easily be verified
by checking that, for both channels, the characteristic time
of mixing in a cross section of the flow is small compared
to the residence time in the channel, while the Bodenstein
number of the flow is large compared to unity. In the model,
the molar flux density of a component across the membrane
is locally calculated as being proportional to the differ-
ence between the partial pressure of this component in a
gas phase that would be at the equilibrium with the liquid
phase (calculated using Raoult’s law) and the partial pres-
sure of the component in the vapour channel. The propor-
tionality coefficient is the permeability of the membrane to

this component divided by the thickness of the membrane,
noted H hereafter.

Before discussing the behaviour of the operation, we
first recast this 1D mathematical model, making the vari-
ables and parameters dimensionless as follow,

- L G X
l; = —, (; = —, X = —,

Ly Lo * d 1)
such that the balance equations composing the model
become

d(yL . ,
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(}(;‘j_c ) = sB(yiPsay — yoP), fory=m,h,w, 3)
d(i,G)
deG) _ 4
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where P = P /Py is the dimensionless pressure in the
vapour channel, with P, the atmospheric pressure, taken
equal to 101,325 Pa. Psat,y are the dimensionless saturation
pressures, calculated using the following equations (Tail-
let et al. 2013; David 1986; Manatt and Manatt 2004):

5120
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In Egs. (2) and (3), B is a dimensionless parameter,
given by:

_ WdPyPym
~ HLy

where W is the width of the liquid channel and P, is
the permeability coefficient of the membrane, which is
assumed to be the same for the three components of the
liquid mixture and independent of the temperature. These
assumptions are justified in Sect. 4. The dimensionless
permeability B, also known as the mass Stanton number
(Bird et al. 2007), expresses the ratio between the charac-
teristic residence time of the mixture in the liquid chan-
nel and the characteristic time of transfer through the
membrane.

The dimensionless system is closed with the following
boundary conditions:

B 10)

L(0) =1, G(1) = r, m(0) = mo, h(0) = ho,
mg(1) = hy(1) = €, ig(1) = 1 — 3¢,

where € is the residual molar fraction of each component
at x = 1 in the vapour channel; € should be different from
zero to avoid singularities. In practice, € = 10~° has been
found to be small enough for the results to be independ-
ent on this parameter, and hence chosen for all calcula-
tions. Note that an algebraic expression for i, can easily
be obtained by integrating (4),
1 —3e

lo =1r———. 11
S G (11

Using (11), the remaining algebraic-differential sys-
tem of 8 equations is solved as a boundary value prob-
lem using the continuation software AUTO-07p (Doedel
2007). The parameter s = — 1 in Eq. (3) corresponds to
the case of a counter-current system as considered here,
while the co-current system would correspond to s = 1. A
trick for solving the counter-current case, since the soft-
ware AUTO needs a starting solution, has been to calcu-
late a solution for s = 1 (co-current) with Mathematica
and then continuing the branch of solutions for s going
from 1 to —1, consequently to the counter-current situ-
ation. In order to ease the numerical resolution of the
equations, they are always solved with r = 0. It is shown
that the solution of the equations is almost independent
of r when it is smaller than 107>, provided that pressure
is below a certain value depending on the liquid mixture
composition and the operating temperature. Therefore,
in practice, vacuum pervaporation can be simulated by
using r < 1073,

@ Springer

2.2 Parametric analysis

In order to analyse the best conditions of the separation pro-
cess described above, we define the following efficiencies,

_ ]
SR A (12)
mo
_na
o =L(l)$, (13)
0
N = N s (14)

where 7,, quantifies the ability of the system to extract
the methanol from the liquid channel, while 7, quantifies
the conservation of H,0O, in the liquid channel. Finally, »
represents the overall efficiency of the chip. The goal of
the separation operation is to obtain a value of 7 as close
as possible to unity. It would mean that the methanol is
entirely removed from the liquid phase, while the hydrogen
peroxide is entirely kept in the liquid phase. The process
enhancement thus aims at obtaining efficiencies as close as
possible to unity by properly choosing the operating condi-
tions for a given composition of the feeding mixture, i.e.
hy and my. As shown in Zhang et al. (2010), some of these
operating conditions are involved in the expression of the
parameter B, such as the geometry of the chip (length and
width of the channels), the thickness of the membrane, the
flow rate of the inlet mixture and the permeability of the
membrane. The other operating parameters are the temper-
ature of the liquid in contact with the membrane (7), the
pressure in the vapour channel (P) and the parameter r in
the case of purge gas pervaporation.

In Fig. 2, n,,. 7, and n are presented as functions of B,
for different values of r (vacuum pervaporation corresponds
to the limit n < 107°), and for T = 70 °C, P = 0.5 bar,
my = 0.74 and hy, = 0.11. The chosen concentration cor-
responds to a realistic H,O, molar fraction in a liquid
that would come out of a microreactor for the produc-
tion of H,0,, as found, for instance, in the paper of Inoue
et al. (2010). It can be observed that 7,, increases with an
increase in B and with an increase in r. This behaviour is
expected according to the definition of B, and as purging
gas increases the driving force for the pervaporation, the
other parameters hold unchanged. Furthermore, 1,, strongly
increases when B is increased from 0.1 to approximately
10. Then, for larger values of B, n,, reaches a plateau, cor-
responding to gas-liquid equilibrium conditions at x = d.
On the contrary, as it might have been expected too, 7,
decreases with an increase in B and with an increase in r.
A plateau is also reached for values of B larger than 10,
for which 7, remains high (>0.9), except for high values
of the purge gas flow rate (r = 1). This is due to the fact
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Fig. 3 Efficiencies shown as functions of the parameter r, for different values of T; B = 100, m, = 0.74, hy = 0.11 and P = 0.5 bar

that the boiling temperature of H,O, is far above the set-
ting temperature 70 °C. Finally, as 75,, increases and 7,
decreases when B increases, the plot of 1 versus B should
present a maximum. This can easily be observed in Fig. 2
for r = 1. This maximum is present for smaller values of r,
even though more difficult to observe. Indeed, for r < 1, n
is mainly linked to 7,,, as 1, remains close to unity.

As already shown above, remarkably, for large values
of B, n becomes independent of B. Consequently, provided
we choose a value of B large enough, we can analyse the
influence of the other operating parameters on the efficien-
cies independently of the value of B. The value of B = 100
has been found large enough for all the tested conditions
and will be used hereafter. Such an analysis is presented in
Fig. 3, where 7,,, 7, and n are presented as functions of r,
for different values of 7, with my, = 0.74, h, = 0.11 and
P = 0.5 bar. It can be observed in Fig. 3 that 7,, increases
with an increase in r and with an increase in 7, which is
expected as an increase in these two parameters leads to an

increase in the driving force for pervaporation. Therefore,
for sufficiently large value of r and/or value of T, 5,, = 1
can be obtained. For the same reasons, 7, decreases with
an increase in r and with an increase in 7. Interestingly, it
appears that 7, is almost constant for small values of r and
that, when r becomes larger than a critical value depend-
ing on the temperature, 1, suddenly decreases. As a conse-
quence of these observations, the plot of 1 versus r should
presents a maximum as observed in Fig. 3. The abscissa of
this maximum depends on the value of 7. If the tempera-
ture is increased, the value of r at which the maximum effi-
ciency is obtained is decreased. The maximum efficiency
of n approaching unity can be obtained at 7 = 30 °C, for
r =~ 2. In this situation, the temperature in the chip is so
far from the boiling temperature of H,O, that almost no
H,0, is transferred into the vapour channel. On the other
hand, even if the difference between the temperature in the
chip and the boiling temperature of the methanol is about
35 °C, the driving force created by the purge gas allows

@ Springer
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transferring the entire methanol into the vapour channel.
On the contrary, at 7 = 100 °C, the maximum efficiency
of the chip is obtained for r &~ 107> corresponding to the
regime of vacuum pervaporation. This regime should
indeed be considered for large T in order to avoid transfer-
ring too much H,0, into the vapour channel. It is noticed
that in the regime of vacuum pervaporation, i.e. r < 1072,
the efficiency n remains below 0.9. Consequently, the
maximum efficiencies that can be reached when vacuum
pervaporation is used appear smaller than when purge gas
pervaporation is used, provided the values of T and P are
appropriately chosen.

In order to give more insight into the influence of the
operating parameters on the overall efficiency of the chip (),
we present, in Fig. 4, the value of T at which the maximum
value of 7 is reached, as a function of r, for three different
inlet mixture compositions and three different values of P,
and B = 100 to keep the results independent of B. Points in
the plane (7, T) corresponding to equal values of # are linked
by dotted lines (and the values of n are indicated). It can be
observed that very similar trends are obtained for the three
different inlet mixture compositions. It is also observed, as
mentioned previously, that working at high temperature
implies using a small value of r to get an optimal efficiency.
On the other hand, working at low temperature implies a
high value of r to get an optimal efficiency. High (>0.9) val-
ues of n can be reached for a wide range of values of T and
r provided P is appropriately adjusted. However, as already
mentioned, higher values of the efficiency are obtained in the
case of low temperatures and high values of r.

Finally, decreasing P allows using smaller values of
T and r to get a same overall efficiency, which could be
expected as decreasing the pressure in the vapour channel
increases the driving force for the pervaporation.

(@) m,=074,h,=0.11

(b) m,=0.74,h,= 0025

It is important to recall that the results presented in
Figs. 3 and 4 have been obtained using B = 100. With
such a high value of this parameter, we systematically
sit on the plateaus that can be observed in Fig. 2. Hence,
the efficiencies become independent of B. Of course, in
order to experimentally obtain values of the overall effi-
ciency mentioned in Figs. 3 and 4, the actual value of B,
depending on the values of several parameters (the chan-
nel length, the membrane permeability, etc.), should be
large enough. In Fig. 5, we present the pressure in the
vapour channel at which the maximum value of 7 is
reached, as a function of 7, for four different values of
B, with my = 0.74, hy = 0.11, and r < 1073 (vacuum per-
vaporation). The value of the overall efficiency is also
indicated next to each point on this figure. Such a plot
is valuable when vacuum pervaporation is preferred (for
example due to set-up limitation regarding the introduc-
tion of inert gas in the vapour channel). Figure 5 shows
that, for B = 100, decreasing P leads to an increase in
n, if the process is performed at a decreased temperature
in order to avoid losing too much H,O,. On the other
hand, for B = 0.1, the pressure has almost no influence
on the optimal efficiency and it is always reached at the
same temperature. Consequently, working at low pressure
and low temperature cannot be generalized as the best
working conditions for vacuum pervaporation because
it also depends on the value of B. For B = 0.1, 5 even
slightly increases with the pressure.

In Fig. 6, contours of the overall efficiency are presented
as a function of P and 7, for m, = 0.74 and h, = 0.11 and
for different couples (B, r). Figure 6 shows that, for given
values of r and B, there is a window of best overall effi-
ciency 7 in the plane (P, T). We can observe that an increase
in r allows increasing the efficiency of the system while

(c) m,=032,h,=0.11
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Fig. 4 T at which the maximum value of 5 is reached, as a function
of r, for three different inlet mixture compositions and three different
values of P; B = 100 has been used. Points in the plane (r, T) corre-
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working at higher pressure (lower partial vacuum). Addi-
tionally, increasing the value of B not only allows reaching
higher efficiency but also decreases the value of the tem-
perature at which the process should be performed to reach
this higher efficiency. However, a decreased pressure is
needed to reach this higher efficiency. The empty region on
the maps indicates the zone that corresponds to full vapori-
zation of the liquid (and hence a zero overall efficiency).

As a conclusion of this section, we can state that the
mathematical model of our microfluidic chip, after valida-
tion by experimental results as performed in Sect. 5, can
be used to characterize the influence of the operating con-
ditions of the chip on its efficiencies. It allows enhancing
the operation of the chip, i.e. within a given set of available
operating conditions, selecting the one leading to the maxi-
mum overall efficiency. It is shown that, by a fine-tuning
of the values of 7, P, r and B, a high overall efficiency of
the chip could be reached. Of course, it should be checked

that values of 7, P, r and B leading to such high efficien-
cies could indeed be technically achieved, which is also
discussed in Sect. 5.

3 Building and operation of the microfluidic chip

3.1 General remarks

A liquid solution of hydrogen peroxide in water (30 wt%
in H,0,) and liquid MeOH (HPLC grade) were purchased
from Sigma-Aldrich. Hexamethyldisilazane was purchased
from Fluka Analytical. They were used as received. A lig-
uid solution of hydrogen peroxide in water (60 wt% in
H,0,) was received from Solvay Company. Polydimethyl-
siloxane (PDMS) was prepared from Sylgard 184, Dow
Corning.

ah

0.8+

0.2

Fig. 6 Contours plots of the overall efficiency as a function of
Pand T, for my =074 and hy = 0.11.aB=1,r = 107 (vacuum
pervaporation), the dashed line is the same as in Fig. 5, b B = 1,

o0 100 1 0w e w0
T(°C) T(°C)

r = 0.1 (purge gas pervaporation) ¢ B = 10, r = 0.1 (purge gas per-
vaporation). On each figure, the red point represents the optimum
value of the efficiency
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3.2 Building of the chip

The chips designed for our experiments are built as a multi-
layer device as represented in Fig. 7. The key element of
this microdevice is a PDMS membrane situated in between
two PDMS layers in which the liquid channel and the
vapour channel are imprinted. These PDMS layers are in
contact with a cooling and a heating device.

3.2.1 Preparation of the microchannels

The soft lithography method is used to fabricate the
PDMS layers in which the liquid and vapour channels are
imprinted. For this purpose, a photo-resist resin (SUS8-
2150, MicroChem) is spin-coated on two 4-inch silicon
wafers. Then, each of these wafers is exposed to UV
light, using the UV-KUB-2 insulator from Kloé Com-
pany, through a high-resolution transparency mask con-
taining the 2D design of the liquid or the vapour channel.
The non-insulated parts of the resins are subsequently
dissolved by dipping the wafers into a bath of SUS8-
developer. The resulting patterned wafers (by the remain-
ing SU8 structure) are subsequently used as moulds to
imprint the liquid and vapour channels in PDMS layers.
The liquid channel is 300 ym wide, while the vapour
channel is 500 um wide. The height of both channels is
150 um. Different channel lengths (0.9 and 2 m) have
been used in our experiments.

3.2.2 Preparation of the membrane and of the PDMS
layers

The dense membrane is prepared with PDMS (pre-pol-
ymer and curing agent in a 5:1, 10:1 or 20:1 ratio by
weight). For this purpose, PDMS is spin-coated on a
silicon wafer silanized with hexamethyldisilazane and
baked at 70 °C for 2 h, for high cross-linking. The result-
ing membrane thickness (H) was measured by a 3D laser
microscopy Keyence VK-X200 at different positions in
order to verify the homogeneity. Such a membrane is
not selective. The PDMS layers in which the liquid and
vapour channel are imprinted are prepared in a similar
way, using a mixture of pre-polymer and curing agent in
a 5:1 ratio by weight in order to reduce its permeability
(see Sect. 4).

3.2.3 Assembly of the chips
Our microfluidic devices are built up from layers of
PDMS (the middle one being the membrane). The lay-

ers are bonded after 2-min exposure in a plasma chamber
(CUTE Femto Science). First, the layer with the liquid
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channel is bonded to the membrane. Next, the layer with
the vapour channel is bonded to the other side of the mem-
brane, such that the 500-um-width vapour channel overlaps
the 300-um-width liquid channel. Then, silica wafers with
a diameter of 5 cm are placed on both sides of the chip,
such that they cover the channels. PDMS (mixture of pre-
polymer and curing agent in a 5:1 ratio by weight mixture
of pre-polymer and curing agent in a 5:1 ratio by weight)
is poured on the silica wafers and cured in order to fix the
silica wafers. Thanks to the presence of the silica wafers,
the chip is less permeable to the gases, and pressure as low
as 150 mbar can be reached inside the vapour channel.

3.2.4 Temperature control

A Peltier element (Thermo Electric Modul TES1 127038,
27 Watt, 14,5V, BTS Europe BV) is used as a cooling sys-
tem. The cold side of the Peltier element is directly put in
contact with the bottom side of the chip (see Fig. 7). To dis-
sipate the heat, the hot side of the Peltier element is glued
to an aluminum plate itself connected to a water-cooling
system. A heating resistor (24 V, 40 Watt, 14.5 om, GBR-
666/24/1, TELPOD) is used as a heating device. It is glued
to an aluminium plate itself in contact with the top side of
the chip (see Fig. 7). The heating plate is positioned on top
of the vapour channel such that condensation of the vapour
does not occur within the channel. It also ensures an effi-
cient temperature gradient through the chip due to the cool-
ing plate located underneath the liquid channel. It is noticed
that both temperature elements are only covering the ser-
pentines (see Fig. 7). In order to compare experimental
results with modelling results, the value of the temperature
at the level of the membrane (liquid side) should be con-
trolled. This is realized by measuring precisely the tem-
perature inside the chip with the use of 0.25-mm-diameter
thermocouples (Omega, TJ36-CASS-010G-12). The ther-
mocouples are placed at different locations along the liquid
and vapour channels. No temperature gradient along the
channels is observed, at least within the error of the thermo-
couples (1 °C). The temperature difference between the
liquid channel and the vapour channel was measured to be
2 °C for the range of temperatures considered. There can be
some inaccuracy in the determination of the temperature in
the channels, since the thermocouples are not exactly inside
the channels and also since the thermocouple diameter is
0.25 mm, i.e. larger than the height of the microchannel
(0.15 mm).

3.2.5 Chip operation
The liquid mixture is introduced in the liquid channel with

a syringe pump NEMESYS, at a flow rate of 3.5 or 6 pL/
min. The vapour channel is connected to a vacuum pump
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(Fluigent) in order to control the value of P. For the experi-
ments involving purge gas, the nitrogen gas flow is intro-
duced at the inlet of the vapour channel with the help of a
pressure controller (Fluigent) in line with a gas flow meter
(Bronkhorst). Each of the experiments is performed during
a few hours in order to collect sufficient amounts of liquid
and condensed vapour at the outlets of the chip.

3.2.6 Quantitative analysis

The composition of the output phases of the chip is meas-
ured by NMR (Ziemecka et al. 2015). NMR analyses are
performed using a 600-MHz Varian instrument. For the
measurements, 10 uL. of the extracted solution is diluted
in 590 pL of acetone-d6 and measurements are taken at
—25 °C. With these conditions, a good separation of the
signals inherent to H,0,, H,O and MeOH is obtained for
our samples, and the concentration can be obtained with
the accuracy of 5%.

4 Permeability coefficient measurements
As presented in the Sect. 2 of this paper, the permeabil-

ity coefficient of a dense membrane is defined, for a given
component, as the ratio of the molar flux density of this

(a)

(c)

cooling device

(b)

component through the membrane, divided by the driv-
ing force for this transfer and multiplied by the membrane
thickness. This driving force is expressed as the difference
between the partial pressure of the component in a gas that
would be at the equilibrium with the liquid phase on one side
of the channel (this pressure being evaluated by Raoult’s law
in the model) and the partial pressure of the component in
the gas phase on the other side of the membrane.

In order to determine the permeability coefficients of
MeOH and H,O through PDMS membranes, experiments
using the chips designed for this work have been realized.
The liquid and vapour channels had a length of 0.9 m. The
chip was operated with P = 400 mbar, without purge gas,
fed with either pure methanol or pure water at a flow rate
of 6 pL/min. Three chips with three different membranes
were tested for pre-polymer and curing agent in a 5:1,
10:1 or 20:1 ratio by weight. These three different mem-
branes had the same thickness (H = 100 um). By meas-
uring the liquid and vapour flow rates at the outlet of the
chip, the molar flux density across the membrane of the chip
could be determined. Then, the permeability of the consid-
ered component, Py (y = m, w), was calculated using the
following equation:

HI,
Py, = _ , (15)
(Patmpsat,y(T) - P)
PDMS layer
vapour channel thermocouple

~

membrane
— thermocouple
I s
liquid channel
PDMS layer

Fig. 7 Scheme of the microfluidic chip: a perspective view showing alignment of vapour and liquid channels, b assembling of the layers, ¢ posi-

tioning of the temperature control system
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where J, is the molar flux density (mol/s/m?) of the con-
sidered Vcomponent through the membrane and Psat,y is
the dimensionless saturation pressure of the considered
component.

The experiments were performed for temperature in
the liquid channel equal to 55, 60 and 65 °C, when con-
sidering MeOH, and equal to 90 and 95 °C, when consid-
ering H,O. The results are shown in Fig. 8. The experi-
ments were performed for three different membranes.
They all had the same thickness (100 um) but different
base-to-curing agent ratio. This influences their level of
cross-linking and their mechanical properties (Mata et al.
2005). The membrane made with the pre-polymer and the
curing agent in a 20:1 ratio by weight is the weakest one
and does not mechanically withstand the experimental
conditions to determine the permeability coefficient of
H,O0 at 90 and 95 °C. That is why these data are missing
on Fig. 8.

It can be observed in Fig. 8 that the permeability coef-
ficients of MeOH and H,O are close to each other (i.e.
the membrane is non-selective), and almost independent
of the temperature. On the other hand, the permeability
coefficients appear to depend on the membrane compo-
sition. An increased amount of curing agent in the mem-
brane leads to a decrease in the permeability coefficient.
The membrane (10:1) is further used in our work because
the permeability coefficient of the membrane (5:1) is
lower than the permeability coefficient of the membrane
(10:1) and because the mechanical properties of the mem-
brane (20:1) are not satisfactory. Therefore, according to
the results presented in Fig. 8, when, in the next section,
our mathematical model is compared to experimental
results obtained with our chips, P, = P,, = 1.4.10~"! mol/
(m s Pa), independently of the temperature.
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Temperature [°C]

According to Bell et al. (1988), P, and P,, are, for
a PDMS membrane at ambient temperature, close to
1.4.10~"" mol/(m s Pa). This value is close to the values
obtained with our experiments. However, Bell et al. (1988)
did not provide information about the preparation of their
PDMS membrane.

Due to the high temperature or low pressure needed,
it is impossible to realize similar experiments in order to
determine the permeability coefficient of H,O, through
the PDMS membranes. Therefore, P, = P,, = P,, has been
assumed to generate the modelling results presented in the
next section.

5 Comparison between the model
and experimental results

In order to validate our model and to see whether high effi-
ciencies can be reached experimentally, two set of experi-
ments were realized: one using vacuum pervaporation and
one using purge gas pervaporation, according to the values
of parameters given in Table 2.

A first set of experiments was realized using vacuum
pervaporation (no introduction of an inert gas in the vapour
channel). The composition of the liquid mixture introduced
in the chip was my = 0.712 and hy = 0.112. The flow rate
of this liquid was 6 puL/min. The channel had a length of
0.9 m. The corresponding value of the parameter B defined
previously is 0.79. According to the modelling results
presented in Fig. 5 (that have been generated for approxi-
mately the same composition of the inlet liquid and for
vacuum pervaporation), this value of B should not allow
to reach the maximum value of the overall efficiency that
could be reached for an inlet liquid with this composition,
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Table 1 Table of notations

List of symbols

Roman symbols
B—Dimensionless parameter, mass Stanton number
d—Length of the channel (m)
G—Molar flow rate in the vapour channel (mol/s)
h—Hydrogen peroxide molar fraction
H—Thickness of the membrane (um)
i—Inert gas molar fraction
Jy—Molar flux density of the component y (mol/s/m?)
L—Molar flow rate in the liquid channel (mol/s)
m—DMethanol molar fraction
P—Pressure (bar)
P —Permeability coefficient of the component (mol/m s Pa)
Q—Liquid flow rate (uL/min)

r—Ratio between the inert gas molar flow rate and the liquid inlet
molar flow rate

T—Temperature (°C)

W—Width of channel (um)

w—Water molar fraction

x—Coordinate along the liquid channel (m)

y—DMolar fraction of the component y (=m, h, w, i)
Greek symbols

e—Residual molar fraction of each component at the inlet of the
vapour channel

n—Efficiency
Subscripts
0—At the inlet
g—Gas phase
[—Liquid phase
sat—Saturation
atm—Atmospheric
h—Hydrogen peroxide
i—Inert gas
m—Methanol

w—Water

when vacuum pervaporation is used (1 approximately equal
to 0.94). The purpose of this first set of experiments is
therefore mainly to validate our model (it is worth recalling
that the highest efficiencies are obtained when using purge
gas pervaporation). The experiments were realized for T
between 50 and 81 °C and for P between 0.15 and 0.7 bars.
The maximum value of the temperature was selected in
order to prevent the thermal decomposition of H,0, (Zie-
mecka et al. 2015). The minimal value of the pressure was
selected according to the technical limitations of our set-
up. In Fig. 9, the experimental results are compared with
the modelling results. The three efficiencies are reported as
functions of P and 7. A very good agreement between the
model and the experimental results can be observed. The

Table 2 Values of the parameters used in both vacuum pervaporation
and purge gas pervaporation experiments

Vacuum pervaporation  Purge gas pervaporation

W (um)? 213410 280.5 + 10
d (m) 0.9 2
Py (mol/msPa) 14 x 107" 14 x 1071
H (um) 120 £ 10 100 £+ 10
O (UL/min) 6 3.5
my 0.71 0.71
Iy 0.112 0.112
Ly (mol/s) 2.82 x 107° 1.645 x 107°
r 1073 0.2-0.6
P (bar) 0.15-0.7 1

B 0.79 4.84

& W is the width of the liquid channel overlapped by the vapour chan-
nel

maximum overall efficiency that has been reached experi-
mentally is 0.79 (Fig. 9-right).

A second set of experiments was realized using purge
gas pervaporation. The composition of the liquid mixture
introduced in the chip was my, = 0.71 and h, = 0.112. The
flow rate of this liquid was 3.5 pL/min. The channels had a
length of 2 m. The corresponding value of the parameter B
defined previously is 4.84. It is higher than when vacuum
pervaporation was used, because of the increased length of
the channels and because of the decreased liquid flow rate.
According to the modelling results presented in Fig. 2 (that
have been generated for approximately the same composi-
tion of the inlet liquid), we might expect that this value of B
could allow reaching values of the overall efficiency close
to the maximum value that could be reached for an inlet
liquid with this composition. The purpose of this second set
of experiments is therefore to validate our model but also to
see whether it can be used to enhance the operation of the
chip, i.e. within a given set of available operating condi-
tions, to select the one leading to the maximum overall effi-
ciency. The experiments were realized at atmospheric pres-
sure—hence, no vacuum pump was needed—for 7 between
58 and 80 °C and for r between 0.2 and 0.6. In Fig. 10,
the experimental results are compared with the modelling
results. The three efficiencies are reported as functions of
and T. A very good agreement between the model and the
experimental results can be observed. The maximum over-
all efficiency that is reached experimentally is 0.94, which
has been measured 3 times for reproductibility check. This
value is also about the maximum overall efficiency of 0.95
that is predicted by the model. It is worth mentioning that if
this overall efficiency is smaller than unity, it is mainly due
to the transfer of hydrogen peroxide from the liquid to the
vapour channel. For the conditions leading to this maximal

@ Springer
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Fig. 9 Efficiencies as functions of 7 and P. Vacuum pervaporation: B = 0.79, my, = 0.712, hy = 0.112. The black points give the experimental

data
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Fig. 10 Efficiencies as functions of T and r. Purge gas pervaporation: B = 4.84, my, = 0.71, hy = 0.112 and P = 1 bar. The black points give the

experimental data

overall efficiency, the entire methanol is removed from the
liquid. This meets industrial requirement that methanol
residue has to be below 1%. At these conditions, hydrogen
peroxide concentration is increased by a factor 3 in the lig-
uid phase. Therefore, it is here proven that very high effi-
ciencies can be reached with our chip—even when using
atmospheric pressure inside the vapour channel in purge
gas mode—and that the model can be used to select the
operating conditions leading to the best overall efficiency,
within a given set of available operating conditions.

6 Conclusions
A mathematical model allowing a complete parametric

study of the separation operation of a ternary mixture was
presented, together with an optimization strategy of the
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operation for determining the best working conditions for
a given set of parameters. The model was experimentally
verified for the ternary mixture made of methanol (MeOH),
hydrogen peroxide (H,O,) and water (H,O). We defined a
dimensionless permeability (B) also referred to as the mass
Stanton number, to analyse the behaviour of the system
with a minimum number of independent parameters. We
also introduced the overall efficiency n that combines the
antagonistic effects in the liquid phase of MeOH removal
and H,0O, retention. From the mathematical model, it is
then observed that this efficiency becomes independent
of the parameter B for sufficiently large values of B, typi-
cally B > 1, meaning that the liquid/vapour equilibrium
has been reached before the outlet of the liquid microchan-
nel. Within that limit, the purge gas-to-liquid flow rate ratio
(r) at which the maximum efficiency is obtained decreases
when increasing the temperature and/or decreasing the
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pressure. Consequently, same efficiencies can be reached
at different working conditions, although the highest effi-
ciency in the system, namely 0.98, was obtained for the
highest pressure, the lowest temperature and the highest
ratio r. Therefore, and as a general rule, higher efficiencies
can be obtained with purge gas pervaporation than with
vacuum pervaporation. In practical conditions, however,
conditions for B > 1 are barely reachable because of the
limitations of the experimental set-up such that the high-
est possible efficiency strongly depends on the maximum
length and width of the channel, maximum membrane
permeability, minimum thickness of the membrane and
minimum liquid flow rate that can be obtained. Although
the method was developed for a specific mixture, it can eas-
ily be transposed to other binary, non-ideal or ternary mix-
tures under the conditions that saturation pressures for
used temperatures are known. Even though the flow rate of
few uL/min presented in our system is too small for direct
industrial implementation, our system can easily be num-
bered up by use of replicated parallel chips such as it han-
dles industrially realistic throughput.
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