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Microfluidics  have  seen  a steady  expansion  of  the operation  toolbox  over  the  last decade,  which  includes
membrane  separations  as  well.  However,  the  latter  are mainly  limited  to low-pressure  operations  such
as dialysis,  MF  and UF  with  only  very  few reports  focusing  on high-pressure  processes  such as  NF  and  RO.
In  this  report  a simple  high-pressure  microfluidic  cell  suitable  for  accommodating  NF and  RO  membranes
is  described  and  critical  design  points  are  discussed.  It  is  shown,  both  theoretically,  using  computational
fluid  dynamics  (CFD)  and  Lévêque  correlation,  and  experimentally,  that  a smaller  height  of  the  feed
channel  is beneficial  for  minimizing  concentration  polarization.  Minimization  of overall  pressure  losses,
F
O
FD
icrofluidic

hydraulic  and  osmotic,  indicates  an  optimal  channel  height  of  about  40–50  �m. The  NF/RO  microcell
was  tested  as  a concentrator  for solution  of  a model  peptide.  The  solution  was  successfully  concentrated,
however,  a significant  loss  of peptide  was  observed,  presumably,  due  to  adsorption  on  the  membrane  or
cell  walls.  This problem  will  need  to  be addressed  in  future  studies  of  NF/RO  microcells,  however,  this

otent
oncentration polarization
eptide concentration
évêque correlation

work  demonstrates  the  p
technology.

. Introduction

Microfluidics have recently emerged as a technology capable
f handling small amounts of fluids using channels with dimen-
ions of tens to hundreds of micrometers [1].  The small dimensions
f the channel and the high surface-to-volume ratio offer advan-
ages for applications such as chemical analysis [2,3], microreactors
4,5], biosensors [6],  polymer synthesis [7],  and etc. Macroflu-
dics have seen a steady expansion of the operation toolbox over
he last decade, but many common large-scale processes are still
navailable in microfluidic format. Membrane separations and,

n particular, membrane filtration, is one such field where a sig-
ificant potential for novel developments and applications still
xists. One advantage of the filtration processes over the other pro-
esses, such as solvent evaporation [8] or electrophoresis [9],  is
hat they can be conveniently operate continuously and treat very
mall streams.

A  large number of publications show that filtration membranes
an be incorporated in microfluidic devices [10]. Many of the pub-
ished studies were focused on ultrafiltration (UF) [11,12] and
icrofiltration (MF)[13] separations, which are driven by relatively
ow pressures. However, reports on incorporations in microflu-
dic devices of nanofiltration (NF), a process that requires high

∗ Corresponding author. Tel.: +972 4 8292933.
E-mail address: vfreger@tx.technion.ac.il (V. Freger).

376-7388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2011.12.052
ial  and  feasibility  of  implementing  RO and  NF  operations  in microfluidic

© 2012 Elsevier B.V. All rights reserved.

pressures (>5 bar), have been very scarce [14]. NF may  retain solutes
as small as 200–1000 Da favorably positioning it as an attractive
separation and concentration option for important classes of bio-
chemicals such as sugars, peptides and oligonucleotides. The latter
two holds the largest promise for microfluidics, due to their high
cost and small amounts used, creating a potential niche application,
similar to the one filled by UF for proteins. Additionally, in analy-
sis of environmental and pharmaceutical samples, concentration
of solutions of bio-active compounds is required for proper detec-
tion [8,9]. Concentration by membranes is superior as compared to
evaporation/desiccation due to mild conditions and the possibility
of a continuous processing.

Implementation of NF seems to pose a few challenges. First,
high pressures required for these processes are not common in
microfluidics. The device then need to be very robust and tightly
sealed in order to withstand the pressure and preclude leakages
[10], yet preferably simple and inexpensive to manufacture. Rundel
et al. have shown that pressure driven NF can be made by trans-
mission laser welding [14]. However the membrane surface area
in their module was 4 cm2, which was  fairly large, and it was not
clear whether this module could be scaled down ever further. Kolf-
schoten et al. [15] have designed different NF microfluidic devices
where the fluid runs in 500 �m wide channels and therefore the

surface area of the membrane could be fairly small. Yet Kolfschoten
has used osmotic rather than hydraulic pressure to drive the process
therefore no conclusion can be drawn regarding the robustness and
tightness of the devices.

dx.doi.org/10.1016/j.memsci.2011.12.052
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:vfreger@tx.technion.ac.il
dx.doi.org/10.1016/j.memsci.2011.12.052
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Fig. 1. Schematic presenta

Another important aspect of using NF is concentration polar-
zation (CP) that can dramatically affect the solute rejection and
he solvent permeation through the membrane [16]. Since the flow
n microfluidics is laminar without possibility for convective mix-
ng [10], CP may  need to be carefully addressed, yet this point has
ot been previously examined experimentally or theoretically and
emains unclear. Similarly unaddressed has been the question of
ptimal channel dimensions in terms of tradeoff between CP and
ressure drop along the microchannel.

The present report explores the incorporation of NF in
icrofluidics and specifically addresses the issues of cell design,

ydrodynamics and mass transfer within the cell as well as fea-
ibility of its use for concentrating microsamples: First, a simple
nd robust microdevice was built that could accommodate com-
ercial membranes and allow examining its performance. Second,

ransport and polarization in microfluidics are analyzed using com-
utational fluid dynamic (CFD) results, which are compared to a
imple Lévêque-type correlation. This model is subsequently used
o analyze the question of optimal geometry of the microchan-
el and find the optimal channel height. Finally, the feasibility of
sing the microdevice for concentrating bio-active peptide solution

s tested and associated problems, such as adsorption of peptide
ithin the device, are discussed.

. Materials and methods

The experimental setup is schematically depicted in Fig. 1. The

eed flow was controlled by an NE-1010 syringe pump (New Era,
armingdale, New York) with a stainless steel syringe (Hamilton,
onaduz, Switzerland). The pressure was measured on the feed
nd concentrate sides using two MIDAS S05 pressure transmitters

Fig. 2. Schematic illustration of the micr
f the experimental setup.

(JUMO, Canastota, New York). The permeate mass flow was  mea-
sured using �-Flow Meter (Bronkhorst, Ruurlo, Netherlands).
The conductivity of the permeate was  measured by a propri-
etary electrode cell with a cell constant 11.9 cm−1 and volume
5 �l. The two  platinum probes were connected to PC4 potentio-
stat/impedance spectrometer (Gamry, Warminster, Pennsylvania)
equipped with control and analysis software for physical elec-
trochemistry and electrochemical impedance spectroscopy. The
conductivity electrode was calibrated using MgSO4 solutions
of several known concentrations. Polyether-ether-ketone (PEEK)
tubes were used (Upchurch Scientific, Oak Harbor, Washington)
with the following parameters: 1/16′′ outer diameter and 0.005′′

inner diameter.
The microfluidic cell design is schematically shown in Fig. 2.

The feed and the permeate compartments were made of two
blocks poly-methyl-methacrylate (PMMA) of dimensions 2 × 4 × 2
and 2 × 4 × 0.5 cm3, respectively. The channels were machined in
PMMA  plate using 5400 CNC mill system (Sherline, Vista, Califor-
nia). The feed channel was  500 �m wide and 3 cm long and two
different heights, 50 and 250 �m,  were used in different devices.
The dimensions of the permeate channel were the same except its
height was  500 �m.  A PDMS spacer ∼50 �m thick was  spin-cast on
the feed block at 2000 rpm for 1 min  from poly-dimethyl-siloxane
(PDMS) using a commercial RTV 615 A:B Kit (Momentive, Colum-
bus, Ohio). The spin-cast sample was cured at 80 ◦C for 2 h. The
whole assembly was  tightened using eight 3 mm screws (not shown
in Fig. 2). In order to keep the membrane supported the permeate

channel was  shifted laterally relative to feed channel 1 mm away
from the feed channel (see cross section normal to Z, Fig. 2).

CFD simulations of the feed compartments were conducted
using Comsol 4.0a software (COMSOL AB, Stockholm, Sweden). The

ofluidic pressure cell (not to scale).
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ig. 3. Schematic drawing of the 2D geometry used to approximate the microfluidic
hannel. The membrane is located at y = 0.

ollowing set of equations was used to describe the momentum and
pecies balance and transport phenomena in the channel:

(�u · ∇)�u + ∇P − �∇2 �u = 0 (1)

· �u = 0 (2)

∇2C = �u · ∇C (3)

here �u is the velocity, � (=103 kg m−3) is the fluid density, �
=10−3 Pa s) is the dynamic viscosity, C is the solute concentra-
ion, D (=4.5 × 10−10 m2 s−1) is the effective diffusion coefficient of

gSO4 [17], and P is the pressure. The pressure of the permeate
as assumed to be atmospheric (p = 0). The boundary conditions
ere as follows:

x = 0 : Cin, P = Pin

y = 0 : ux = 0, uy = Lp(P − RTC), N0 = Cuy(1 − Ri)
y = h : ux = uy = 0, Nh = 0

x = L :
∂C

∂X
= 0, P = Pout

(4)

here the coordinates x and y are defined in Fig. 3, Lp is the water
ermeability of the membrane, R is the ideal gas constant, T is the
bsolute temperature, Pin = 4 × 105 Pa is the inlet pressure, Pout is
he outlet pressure, Cin = 25 mM is the feed concentration, N0 is the
ocal solute flux through the membrane (i.e., at y = 0), ux and uy

re the x and y components of the fluid velocity, respectively, Ri
he intrinsic rejection of the membrane assumed to be constant
hroughout the membrane area, h and L are the height and length
f the channel, respectively, and Nh is the local solute flux at y = h.

At x = 0 (inlet) the velocity profile was assumed to have the fully
eveloped symmetric parabolic shape, i.e., the entrance effect was

gnored. In addition, the edge effect associated with a finite width (z
irection – 500 �m)  of the channel was neglected and the problem
as treated as two-dimensional, which could lead to some errors,

specially, for the larger channel height yet was preferred for the
ake of simplicity. Notice that the last boundary condition in Eq. (4)
as reasonable since the typical Péclet number was higher than

000. The size of the finite elements was between 2 and 30 �m.
MgSO4 rejection measurements.  A 25 mM aqueous solution of

gSO4 (Frutarom, Haifa, Israel) in deionized water (Zalion, Petah
ickva, Israel) was pumped into the system at feed pressure

 ± 0.1 bar. The free volume of the permeate compartment was
.5 �l. A typical permeate flow was 0.14 �l s−1, corresponding to

 retention time of the permeate in the permeate compartment
f about 50 s. Therefore at least 10 min  were allowed after begin-
ing of experiment before flux and rejection measurements. The
bserved rejection was calculated as Rob = 1 − CpCb

−1, where Cp and
b are the permeate and the bulk concentrations, respectively.

Peptide concentration experiments used a low-pressure reverse
smosis (LPRO) membrane ESPA 2 (Hydranautics, Vista, California)
f nominal molecular weight (MW)  cutoff 200 Da [18]. A peptide
ith the sequence IRWFFE (Peptide 55) of MW 897.05 g mol−1 was
repared in our laboratory by using standard solid-phase peptide

ynthesis methods based on the Fmoc-chemistry. Peptide 55 was
urified by reverse-phase HPLC and characterized by analytical
PLC and by MALDI-TOF mass spectrometry (897.2 g mol−1), as
escribed previously [19].
ne Science 396 (2012) 67– 73 69

Feed solution was aqueous solutions of Peptide 55 adjusted
to pH 2 with 0.1 M HCl solution. The concentration of the
permeate and concentrate was  determined using an analytical
reversed-phase HPLC chromatograph equipped with a Surveyor
dual wavelength UV/Vis detector, Surveyor auto-sampler plus, Sur-
veyor LC-pump plus (Thermo Finnigan, San-Jose, California) and a
4.6 mm × 250 mm C18 Gemini column (5 �m,  110 Å, Phenomenex,
Torrance, California). HPLC analyses employed a binary gradient of
0.1% trifluoro-acetic-acid (TFA) in water (solution A) and 0.1% TFA
in 75% acetonitrile in water (solution B) at a flow rate of 1.0 ml/min;
HPLC solvents were obtained from J.T. Baker (Phillipsburg, New
Jersey). Column effluents were monitored by UV absorbance at
220 nm.

3. Results and discussion

3.1. Microfluidic design

In choosing design and material for the NF microfluidic cells sev-
eral points were considered. PMMA  has been commonly used for
building microfluidic devices and favorably combines the dimen-
sional stability, good mechanical strength, low cost. Compared to
other materials popular in microfluidics it is much more rigid than
PDMS, yet not as fragile as glass or silicon. In addition, it is transpar-
ent and can be machined using standard manufacturing equipment.
It was thus chosen based on the cost, robustness and rigidity nec-
essary for withstanding large pressures and for ease of making and
sealing the cell.

The use of commercial membranes within the cell also appears
to have clear advantages. Commercial membranes have been highly
optimized and are available at low cost in a variety of permeabilities
and selectivities. Nevertheless, the interface between the relatively
rough membrane and the rigid PMMA  device does not provide
efficient sealing [10]. Ikuta et al. demonstrated that micro-stereo
lithography could be used to seal a UF membrane in a transpar-
ent microfluidic device [12]. However, once sealed in this way,
the membrane cannot be replaced. Here it was  proposed to use
a PDMS layer spin-cast on top of the feed compartment, as illus-
trated in Fig. 2. PDMS is viscoelastic before curing therefore it
effectively fills the microscopic gaps between PMMA  surface and
NF/RO membrane. A thickness of PDMS layer of ∼50 �m was  found
to be optimal to prevent leakage on one hand and avoid blocking
the channel by PDMS on the other hand. This kind of sealing allows
an easy membrane replacement without the need to discard the
whole cell.

Supporting the membrane properly is another crucial aspect.
Standard solutions such as the use of a supporting mesh or micro-
porous media are unsuitable or unfavorably complicate making of
microchannels. On the other hand, applying a high pressure directly
to an unsupported membrane placed over an open permeate chan-
nel holds the high risk of damaging the membranes, especially, at
the sharp channel edges. A simple solution employed here was to
displace the permeate channel laterally by 1 mm relative to the
feed channel (see Fig. 2). The membrane is then robustly supported
by the solid PMMA  surface, forcing the permeate to flow about
1 mm laterally rather than across the supporting porous layer of
the membrane. This distance is 5–10 times larger than the support
thickness and increases the support resistance. Yet, given the fact
that the support resistance is 2–3 orders of magnitude lower than
that of the toplayer and lateral permeate flow should mostly occur
within the thick and highly permeable bottom part of the support,
the expected increase in the hydraulic resistance was negligible.

Indeed, no significant change was  found in the water permeability,
as compared to the regular lab-scale setup (see next).

The proposed NF microcell design is simple and requires only
most basic fabrication facilities and inexpensive materials. The tests
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Fig. 4. Observed rejection of MgSO4 vs. average feed velocity in the channel. (A) Shows the measured and the calculated (CFD) rejection of NF-270 in two different channels.
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he  CFD simulations used experimentally determined input parameters Ri = 0.955 a
or 250 �m channel. (B) Shows the calculated (CFD) Rob in two  different channel
p = 13.1 l m−2 h−1 bar−1.

howed that it withstands pressures up to at least 16 bar (the upper
imit of pressure sensors used) and allows easy incorporation of
ny flat-sheet membrane, as well as membrane replacement. To
erify that the membrane performs in the microdevice similar to
egular laboratory cell, a commercial NF membrane (NF-270) was
xamined in two  different microfluidic NF cells, differing by their
eights (50 and 250 �m).  The rejection of MgSO4 was measured for
ifferent feed velocities. Fig. 4A shows that the maximum observed
ejection, Rob, in 250 �m channel was about 0.92 whereas in the
0 �m channel it was about 0.96. The water permeability was  11.7
nd 14.5 l m−2 h−1 bar−1, respectively. These results, somewhat dif-
erent for two cells, as common for small membrane samples,
ompare well with the typical performance measured in labora-
ory cells [20,21],  which suggests that the membrane maintained
ntegrity within the microcell.

.2. Mass transfer and concentration polarization in the
icro-channel

A simple model of mass transfer in a membrane (micro) channel
s the classic Lévêque correlation that yields the average mass trans-
er coefficient in the channel, k, as a function of channel dimensions
nd average velocity as follows:

 = D

ı
= a

[
D2

L

]0.33[
Vav

dh

]0.33
(5)

h = 4wh

2(w + h)
(6)

here a = 1.85, dh is the hydraulic diameter of the channel, w is the
hannel width, and Vav is the average velocity of the solvent in the
hannel (averaged along x). The correlation holds for a laminar flow
n a rectangular channel, which was the case here (Re was of the
rder of 10 in all experiments).

It is easily seen that the Lévêque correlation predicts that for a
iven length a narrower channel would lead to a higher k hence
maller concentration polarization. Regardless of whether chan-
els are compared for the same velocity or feed flow rate, k would

ncrease when the channel gets narrower, since dh decreases and
av either stays constant or increases. Indeed, a higher rejection

n the smaller channel is clearly seen in experimental results pre-
ented in Fig. 4A.

To see it more explicitly and also validate the Lévêque corre-
ation in microchannels in presence of a trans-membranes flow,
FD calculations were carried out. The intrinsic rejection Ri, an

nput parameter required for CFD simulations, was calculated using

ollowing linearized equation:

n
(

Rob

1 − Rob

)
= ln

(
Ri

1 − Ri

)
− jv

k
(7)
= 11.5 l m−2 h−1 bar−1 for 50 �m channel and Ri = 0.970 and Lp = 14.7 l m−2 h−1 bar−1

and 250 �m)  (see Section 3.2) using the same intermediate values Ri = 0.964 and

Using several experimental values of Rob and jv measured for the
same cell and membrane and Eq. (5) for k, the value of Ri was calcu-
lated from the intercept of the linear plot of ln(Rob/(1 − Rob)) vs. jv/k.
The input parameters for CFD were then the intrinsic rejection Ri,
inlet and outlet pressures Pin and Pout, and inlet concentration Cin.
For the sake of simplicity Ri was  assumed to be constant through-
out the membrane surface though it is in general concentration-
and flux-dependent [22]. This assumption was  reasonable, given
the purpose of this study and fairly moderate variations of con-
centration and flux along the channel in the present experiments.
The output was the permeate flux rate jv, permeate concentration
Cp, overall rejection Rob = 1 − CpCb

−1, average concentration on the
membrane surface C̄m, and the average mass transfer coefficient k
calculated as follows:

jv = w

A

∫ L

0

vy dL (8)

Cp = w

JvA

∫ L

0

vyCm(1 − Ri) dL (9)

C̄m = Cp

1 − Ri
(10)

k = Jv

ln(C̄m/C̄b)
(11)

where A is the membrane surface area (1.5 × 10−5 m2) and vy and
Cm are, respectively, normal component of the fluid velocity (local
volume flux) and local concentration at the membrane surface
obtained in CFD simulations.

The results displayed in Fig. 4A show a good correlation between
CFD predictions and experiment. The maximum deviation between
the simulations and measurements was  under 10% and apparently
the simplified 2D geometry assumed in simulations did not result
in a significant error. Fig. 5 explicitly compares the values of k
based on CFD and Eq. (5).  It is seen that the Lévêque correlation
adequately agrees with CFD results, which justifies the use of the
former for estimating Ri and for optimization of channel size in the
next section.

Note that the values of Ri and Lp deduced from experiment were
slightly different for the membranes used in cells with channel
height 250 and 50 �m (see Fig. 4). Such variations are common
for small membrane samples, however, they superimpose on dif-
ferences resulting from different channel height and concentration
polarization. To explicitly see the differences due to channel height
only the simulations were repeated for the two  channels using
identical values Lp = 13.1 l m−2 h−1 bar−1 and Ri = 0.964 for both

channels (50 and 250 �m),  intermediate to Lp and Ri actually mea-
sured for the two  channels. The results are displayed in Fig. 4B (dash
lines). Expectedly, a smaller yet significant difference in Rob was still
obtained, now due only to the better performance of the smaller
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Fig. 5. Mass transport coefficient estimated using CFD and Lévêque correlation.
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ig. 6. Concentration field of MgSO4 in 250 �m channel height (A) and in 50 �m
hannel height (B). The curved lines in (A) are stream lines of the solvent.
in = 0.045 m s−1, Ri = 0.964, and Lp = 13.1 l m−2 h−1 bar−1.

hannel. This difference is most explicitly seen in Fig. 6 that dis-
lays the computed concentration profiles within the cell for two
hannel heights and the same average Ri and Lp and the inlet veloc-
ty Vin = 0.045 m s−1. A significantly thinner diffusion boundary later
or the smaller channel height is clearly visible and once again con-
rms that mass transport is enhanced and polarization reduced in

 shallower channel.

.3. Optimization of channel height

An interesting question, complementary to the analysis of mass
ransport and relevant to design of microfluidic NF and RO cells, is
he optimal channel height. When the feed microchannel is milled,
s in this study, its height is far easier to vary than, e.g., width

hat is determined by the mill diameter. When a certain volume of
olution is to be treated, reduction of the channel height will help
educe concentration polarization (see above). However it will
lso lead to a larger loss of pressure along the channel and reduce
ne Science 396 (2012) 67– 73 71

the average trans-membrane pressure and rejection. In a simple
example of an ideally rejecting membrane and concentrated salt
solution, the main result of CP may  be viewed as a loss of the driving
force due to increased osmotic pressure at the upstream membrane
surface. In actual microfluidic operations the reduced driving force
and rejection might be partly compensated with a higher inlet
pressure and a higher flow rate. However, the different parameters
are not independent and a higher flow rate will be at the cost of
a lower concentration factor and a higher pressure will increase
the energy consumption (important for, e.g., battery-powered
systems) and require a more demanding design. Therefore, as a
simple example, a problem may  be considered of minimizing the
total lost trans-membrane pressure PL defined as follows:

PL(h) = �Pf + �� (12)

Here the first term is the pressure drop along the channel and
the second is the osmotic pressure increase due to CP. The first
term may  be estimated using the Hagen–Poiseuille equation for
a rectangular channel and the second one using the van’t Hoff
equation, in which the concentration on the membrane surface Cm

is corrected for CP, i.e., [16,23].

�Pf = 32�L
Vav

dh
2

(13)

�� = RT(Cm − Cp) (14)

where

Cm = Cb exp
[

Jv
k

]
(15)

jv = Lp(�P − ��) (16)

Both ��  and PL in Eq. (12) are affected by the average velocity
and channel height in opposite manner. This trade-off calls for
geometry optimization. Fig. 7A plots PL (h) for representative con-
ditions yielding a minimum at about h = 40 �m. Fig. 7B shows that
the Cm and the thickness of diffusion boundary layer, ı, decrease
monotonically as the channel height decreases. Obviously, the
location of the minimum in Fig. 7A will vary with the volume
rate and feed concentration, i.e., the osmotic pressure of the feed.
Nevertheless, the very sharp dependence of the pressure drop on
channel height, as opposite to moderate variation of boundary
layer thickness ad CP (Fig. 7B), suggests that the optimal height
could be not far from 50 �m,  the smaller height used in this study.
Given the sharp dependence of ��, the optimal height might
change, but probably not much, if the optimization criterion needs
to consider the loss of rejection due to CP in addition to loss of flux.

3.4. Concentration of peptide solutions: demonstration and
performance evaluation

As stated in Section 1, concentration and separation of minute
amounts of peptides in small samples is one promising application
for the microfluidic version of NF/RO. To examine the feasibility of
this application the NF cell was  used to concentrate a solution of
Peptide 55, a synthetic bio-active peptide that belongs to the family
of peptides with estrogen-like activity [19]. A peptide solution of
0.06 mg  ml−1 was  used, and in each experiment the solution was
concentrated to a different degree by varying the feed rate relative
to the permeate rate. The former was varied through the settings
of the feed pump, while the latter mainly depended on the feed
pressure controlled by the needle valve.

The degree of concentration could be measured in two ways:

(1) as the ratio of the measured peptide concentrations in the con-
centrate and feed (concentration factor), and (2) the ratio between
the concentrate and feed weights (weight factor). Fig. 8 compares
between concentration factor and the weight factor. The figure
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F  (B). The volumetric feed was 3 ml h−1, L and channel width (w) were 0.03 m and 500 �m,
r gSO4) [17], Jv = 38.7 l m−2 h−1, �P = 4 bar, and Ri = 0.97.
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ig. 7. Total pressure loss (PL) vs. channel height in (A). CP and ı vs. channel height in
espectively, Lp = 11 l m−2 h−1 bar−1, D = 4.5 × 10−10 m2 s−1 (diffusion coefficient of M

hows that in all experiments the concentration factor was  smaller
han the weight factor, the discrepancy increasing with degree of
oncentration.

The observed discrepancy between weight factor and HPLC-
easured concentration factor could be due to permeation,

dsorption, or degradation of the peptide. The possibility of per-
eation could apparently be ruled out, since no peptide could

e detected in the permeate for all feed concentrations used
0.06–1.8 mg  ml−1). It was confirmed that the detection limit of
PLC did not exceed 0.018 mg  ml−1 therefore the rejection in all
ases was larger than 70% and apparently very close to 100%. Even
ssuming that permeate concentration was just below the detec-
ion limit, the peptide loss to permeate would only be a small
raction (<15%) of the missing peptide. The high peptide rejection
as consistent with the molecular weight of the peptide that was
uch larger than the cutoff of the membrane used (a low-pressure

O membrane ESPA2). Degradation of the peptide during the exper-
ment was also ruled out by testing Peptide 55 stability in pH 2 by
njecting peptide samples to analytical HPLC in specific time inter-
als; no significant change in peptide concentration was  observed
ver 6 h, the time of the longest filtration experiment.

On the other hand, adsorption of the peptide on the membrane
r on other system parts was likely, since many organic compounds
end to adsorb onto the crosslinked aromatic polyamide layer of NF
nd RO membranes [24]. The adsorption mechanism is supported
y Fig. 9 that shows the amount of missing peptide (the amount in
he feed minus that in permeate) vs. the logarithmic average of the
ulk concentration Cav, i.e.:

C − C

av = in c

ln(Cin/Cc)
(17)

here Cc is the concentrate concentration.

Fig. 8. Peptide concentration factor vs. solvent weight factor.
Fig. 9. The peptide loss in each experiment vs. the average concentration in the
channel.

The logarithmic average is the appropriate average in cases
when concentration varies along the channel and adsorption obeys
a linear isotherm and linear kinetics [25]. Indeed Fig. 9 shows that
the amount of missing (adsorbed) peptide and solution concentra-
tion correlate approximately linearly. It is important to note that
the adsorption could take place both on the membrane and the
channel walls, since several publications have shown that PMMA
[26] and PDMS [27] may  adsorb peptides and proteins.

These results indicate that adsorption of solutes on the mem-
brane, channel walls, and other parts of the system (tubing, pump
etc.) could be a major challenge in using NF/RO microfluidics for
concentration and separation of dilute peptide solutions. One pos-
sible way  to cope with this problem could be to use more inert
materials for parts that have a contact with the solution. Another
option could be to modify the inner surfaces and membrane, since
it was  shown that by modifying surfaces, e.g., via PEG grafting [26],
protein and peptides adsorption can be dramatically reduced.

4. Conclusions

NF and RO membranes were successfully introduced in
microfluidic device using relatively simple techniques and inex-
pensive materials and important design points were discussed. The
preparation of a robust tightly sealed device was successful using
rigid materials such as PMMA  and PDMS as a sealant.

It was  shown that Lévêque correlation predicts fairly adequately
the mass transport coefficient in microfluidic channel. In partic-
ular, the correlation as well as CFD simulations show that CP is
depressed as the hydraulic diameter decreases. This trend was also

confirmed by experiments with MgSO4. Minimization of overall
pressure losses, hydraulic and osmotic due to CP, indicates an opti-
mal  channel height of about 40–50 �m.
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The performance of the microfluidic device was also experi-
entally evaluated for concentrating dilute peptide solutions. The

eptide solution was successfully concentrated, which demon-
trates that a microfluidic operation of NF or RO is a promising and
easible option for this and similar applications. However, observed
oss of peptide apparently indicates that it was adsorbed on the
nner surface of the cell (NF membrane, PMMA  and/or PDMS). This
eems to be a major challenge that may  have to be addressed in
he future, e.g., via appropriate selection of materials or surface

odification.
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