Chemical Engineering Journal 244 (2014) 152-159

Chemical Engineering Journal

Contents lists available at ScienceDirect

Chemical
Engineering
Journal

journal homepage: www.elsevier.com/locate/cej

Mass transfer of differently sized organic solutes at spacer covered and
permeable nanofiltration wall

@ CrossMark

Emil Drazevi¢ **, KreSimir Ko3uti¢ ?, Vladimir Dananic®

2 Department of Physical Chemistry, University of Zagreb, Faculty of Chemical Engineering and Technology, Marulicev trg 19, HR-10000 Zagreb, Croatia
b Department of Physics, University of Zagreb, Faculty of Chemical Engineering and Technology, Marulicev trg 19, HR-10000 Zagreb, Croatia

HIGHLIGHTS

« Cross-flow velocity significantly
affects removal of organics.

« Sherwood relation correctly estimates
mass transfer at small solute fluxes.
« At high solute fluxes Schmidt number

needs correction.
« Correction correlation is proposed for
Schmidt number.

ARTICLE INFO

Article history:

Received 12 September 2013

Received in revised form 2 January 2014
Accepted 20 January 2014

Available online 31 January 2014

Keywords:

Nanofiltration

Porosity

Concentration polarization
Pore size distribution
Mass transfer coefficient

GRAPHICAL ABSTRACT

Cross-flow velocity >

Back-diffusion + drag (convection)

"Suction"

s
S

3

Mass transfer coefficient
5
s

Ky 2 /[ + Experimental
S| 2 Mode

500 1000 1500 2000 2500
Sc

flow

Diffusion+ suction (convection)

ABSTRACT

Concentration polarization (CP) phenomena may significantly affect water permeability and removal of
organics solutes in cross-flow nanofiltration (NF) making it an important optimization parameter. Most
of the models predict CP using mass transfer coefficients that may be estimated using model Sherwood
(Sh) relations of a general form, Sh = a*Re® Sc°. In many cases Sh relations are able to predict mass transfer
coefficients remarkably well; however, such relations are in general valid only for non-permeable walls.
Sh relations were experimentally validated using a binary solution of single solute and water where
Schmidt numbers (Sc) were varied by changing the temperature or density of the solution, at a constant
or varied Reynolds number (Re). This study evaluated Sh relations from different angle and used ten
organic solutes of different diffusivity at a constant concentration and viscosity of solutions, covering a
range of Sc from 850 to 2022. The aim of this study was to evaluate the Sh relation in predicting the mass
transfer of differently sized organic solutes in rectangular channel, at spacer covered and permeable NF
wall of defined porosity. Comparison of experimental Sh, obtained using the velocity variation method,
and model Sh showed that model Sh relation correctly predicts mass transfer of organics when particular
solute flux through the NF permeable wall is sufficiently low. A correction correlation is proposed for
coefficient ¢ on Sc in model Sh relation, where ¢ approaches the model Sh value, 0.42, with the increase
in size of the solutes. In addition, data presented show that the removal of organic solutes from the water
may be significantly improved, up to 280%, by changing the hydrodynamics in the channel.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

water softening [3], or concentration of grass juice [4]. NF pro-
cesses usually remove most of the solutes from water, thus solutes

Nanofiltration (NF) membranes have been widely applied to
drinking water treatment [1], industrial effluent treatment [2],
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tend to accumulate on the membrane surface developing a concen-
tration polarization (CP) layer. Given that NF processes are
pressure and concentration driven processes [5], enhanced concen-
tration at the membrane surface may significantly [6] affect the NF
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performance in terms of flux reduction and removal of solutes [7].
In this context, CP could be considered as one of the important
parameters in NF process optimization. Many studies dealt with
CP phenomena [8,9] and its effect on removal of salts or mixture
of salts [10], but very few of them systematically examined CP ef-
fect on removal of organics [7], particularly in nanofiltration. NF
processes are also of increasing use in removal of organic solutes
[1,11] and it is important to correctly evaluate the impact of hydro-
dynamic conditions on their removal as well as to properly address
this phenomena. Most models which describe CP in cross-flow
nanofiltration require a knowledge of mass transfer coefficients [12].

Mass transfer coefficients may be determined experimentally,
e.g., using the velocity variation method (VVM) [13] or electro-
chemical methods [14]. VVM has been known for decades as a sim-
ple and efficient method applicable to solutes that are not
completely rejected by the membrane [8]. VVM is, however, often
criticized because the boundary layer in a RO/NF channel is undev-
eloped and of a non-uniform thickness. Assuming its uniformity
can produce significant errors because local concentration at the
membrane wall varies throughout the channel [6,15]. A feed spacer
may be used as a promoter of turbulence and local mixing where
each mesh on the spacer periodically interrupts the development
of boundary layer; in these cases the thickness of the boundary
layer could be considered uniform and static. Indeed, a recent
numerical simulation of mass transfer in a spacer filled channel
[14] has shown that for Re > 159 and Sc > 100, the boundary layer
is becoming closer to uniformity.

Mass transfer coefficients may be determined as well using mod-
el Sh relations, which are valid for channels with non-permeable
walls [8,16]. NF membranes are economically viable because they
offer high water fluxes. At higher water fluxes, however, a significant
“suction” occurs and NF membranes cannot be considered as non-
permeable walls. “Suction” may significantly affect the mass trans-
fer coefficient and thus enhance concentration polarization [17]
where membrane porosity and pore sizes may play a substantial
role. Previous studies showed that membranes, which can be con-
sidered as permeable walls at significantly high fluxes, may vary in
terms of thickness and swelling [18] as well as heterogeneity [19].
Ko3utic et al. reported that reverse osmosis membranes have denser
and less porous structures compared to NF membranes [20]. Both
pore size distributions and number of pores (active porosity) of
membranes cannot be simply evaluated since the radii of the pores
of NF membranes are below 1 nm [21]. Therefore, an indirect meth-
od was used in this paper, similar as reported earlier [22], to evaluate
pore size distribution and the number of pores, i.e., active porosity of
the membrane representing the permeable wall.

In this context, this study aims at checking the validity of model
Shrelation in predicting the mass transfer coefficients in rectangular
channels with one highly permeable and porous wall. Experimental
average mass transfer coefficients of organic solutes, which differ in
molecular mass and diffusivity, were estimated using VVM and
afterwards compared with model Sh relations, which well described
hydrodynamic conditions in this work [14]. The organic solutes
were chosen to cover a range of Sc which are of particular interest
for NF, ranging from 850 to 2022. Highly permeable wall considered
herein was commercial high flux NF membrane, NF270, while mass
transfer coefficients were studied at a permeation velocity of
40 pm s~!, when significant “suction” occurs [23].

2. Theoretical background
2.1. Sherwood relation

The Sh relation that fully describes hydrodynamic conditions in
the system [24] is described using general expression below.

_ de _ be € dH d
ShfﬁfaRe Sc T 1M
Eq. (1) is used to estimate mass transfer coefficients while the
empirical coefficients a, b, c and d may be found in literature and
depend on hydrodynamic conditions and feed spacer characteris-
tics [8,14,16]. The Re in Eq. (1) is calculated as Re = (u dy)/v, and
Sc as Sc=v/D, where u is cross-flow velocity in the channel, dy
hydraulic diameter, D is diffusivity, and v is kinematic viscosity.
The height and the length of the channel are constant and Eq. (1)
may be simplified taking a* = a (dy/L)®%
Sh = a’Re’Sc* 2)
Hydraulic diameter, dy, for a rectangular channel with the
spacer in the channel was calculated as proposed by Shock and
Miquel [25].
. 4p 3)
2/h+ (1 —P)(Sse/Vsp)
In Eq. (3) Pis the porosity of the spacer, P =1 — Vsp/Vror(sp), Ssp is
the surface of the spacer, Vsp is the volume of the spacer, and
Vrorespy total volume of the spacer. Average velocity of fluid can
be calculated as proposed below.
Qm3s!
[72} (4)
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where Q is feed flow rate and A is cross-sectional area of the channel
and Prc porosity of the channel expressed as Pgc = Vsp/Vgc, where Vic
is the volume of the channel.

2.2. Mass transfer coefficients - VVM and model Sh relation

VVM [13] is used in this study to asses experimental mass
transfer coefficients.

In (1 j:f ) i (1 ]:mfm> ol 5)

In Eq. (5), mass transfer coefficient, k, can be approximated [6] as
k ~ K - u® where u is average cross-flow fluid velocity. Eq. (5) is used
in a simple experimental procedure where u is varied at constant J,,
and constant temperature while rejection, f, and cross-flow velocity,
u, are measured. A fit to the experimental data gives the constant K
which is used to approximate average mass transfer coefficient in
the channel as well as the true membrane rejection, f;,,. The value
of coefficient B has to be set before fitting and this study takes B as
proposed below. By combining Eqs. (1) and (2), the mass transfer
coefficient of one solute can be calculated as presented below.

k= a 2 Rebsce (6)
du

In Eq. (6), Re is the only variable while other parameters are
constant because only one solute is considered in a diluted feed
solution at a constant temperature and in constant geometry of
the channel. Eq. (6) can be rewritten as proposed below, where
terms in elongated brackets represent the constant.

k= {a*%SCC(dTH>b}u" (7)

The analogy may be noticed between k = K u® in Egs. (5) and (7).
Parameter B in Eq. (5) can be taken as coefficient b on Re number in
Sh relation, which is usually available in literature. The parameters
b, ¢ and B, which correspond to geometry of the feed spacer used
(Im/ds=12 and B =90°), and hydrodynamic conditions in the
channel are taken from the work of Koutsou et al. [14]. Theoretical
mass transfer coefficient, k, in our system can then be calculated as
presented below.
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k = 0.126Re”%7Sc** d% ®)

When a suitable correlation for mass transfer coefficient exists,
such as Eq. (8), then a “suction” mass transfer correction factor [17]
may be used to estimate the mass transfer coefficient, ks, at higher
permeation velocities, i.e., “suction.”

L T\ o
ko= |7+ (1 +0A26<E> > k 9)

2.3. Pore size distribution, number of pores and active porosity of
NF270 membrane

Pore size distribution (PSD) was calculated using the Surface
Force - Pore Flow ("SF-PF”’) model which was developed and thor-
oughly described by Sourirajan and Matsuura [26]. Briefly, funda-
mentals of this model are as follows: the pores in the skin layer
are assumed to be cylindrical and solute to membrane interactions
relative to water can be described as Lennard-Jones surface poten-
tial functions. A thorough description of the calculation procedure
used in this study is found in a recent study of DraZevic et al. [22].
Rejections, f, and permeation velocities, J,, of six different solutes,
trimethlyene oxide, 1,3-dioxolane, 1,4-dioxane, 12-crown-4, 15-
crown-5 and 18-crown-6, have been experimentally obtained.
The calculation procedure employed herein is searching the pore
size distribution and the number of pores by minimizing the devi-
ations between experimental and theoretical rejections and per-
meation velocities of all six solutes. Once average pore radii and
their numbers for a particular membrane are calculated, active
porosity of RO/NF membrane can be estimated using Eq. (10),
where i is the number of dominant peaks in PSD, r; is the dominant
pore radius, N;j is the number of pores of r; average radii, and A is
the working surface of the membrane in the SEPA II cell,
0.0138 m?. Dominant pore radius with the highest number of pores
was taken as the average pore radius.

n
e=Y mriNi/A (10
i=1

3. Experimental
3.1. Membranes and materials

The commercial nanofiltration membrane NF270 (Dow/Filmtec,
Midland, MI, USA) has been used in this study. Organic solutes
used are summarized in Table 1.

Diffusion coefficients in Table 1
Wilke-Chang relation [27,28]:

were estimated using

where # is viscosity of water (Pas), T temperature (K), ¥ = 2.26,
factor considering water, Myy molar mass of water (kg mol™'), a
Va Le Bass molar volume of solute A (m> mol™1).

3.2. NF setup and experimental conditions

The NF/RO apparatus used in this study is schematically shown
in Fig. 1. NF experiments were carried out in a cross flow Sepa CF II
cell (Sterlitech Corporation, USA) of a membrane area 0.0138 m?
and channel dimensions 14.5 x 9.5 x 0.02 cm® (length x width
x height). Inside angles of the spacer’s mesh were 90° while the
angle towards the flow was 90°. The dimensions of the mesh of
the spacers (14.5 x 9.5 cm?) were as follows, thickness of the fila-
ment, df = 0.4 mm, length of the mesh, Iy = 4.6 mm and the thick-
ness of the spacer, hsp=1.2 mm, therefore the corresponding
porosity of the spacer was, P=0.377 and porosity of the channel,
P]:C =0.83.

The feed from a 5 L tank was circulated through the cell at dif-
ferent flow rates (1-5 L min~!) by means of a Hydracell DO3SAS-
GSSSCA pump driven by a variable speed motor (Wanner
engineering inc., Minneapolis, USA). The volume flux through the
membrane, J, was determined by collecting and weighing the per-
meate over a certain time at constant temperature (25.0 + 0.1 °C).
The temperature was held constant by the use of a water bath
and Danfoss XG10 heat exchanger. Experiments with a NF270
membrane were performed at 1.10 MPa (11.0 bar).

Feed solution concentration of each organic solute was 0.1 g L™!
(100 ppm). Prior to each measurement the flux was stabilized at
2.2 MPa (22.0 bar) for 2 h, and experiments thereafter were carried
out in recycle mode for each organic solute by changing the flow-
rate in the order from highest to lowest and then repeated in re-
verse order. Concentration of organic solutes in feed and permeate
was determined using a Total Organic Carbon Analyser (Shimadzu
TOC Vs).

4. Results and discussions
4.1. NF270 properties — pore size distribution and active porosity

Pore sizes and number of pores have been estimated using data
on the thickness of swelled NF270 selective layer, 19 nm [18], and
data on measured rejection of six disc like molecules and perme-
ation velocities using calculation procedure described recently by
Drazevic et al. [22]. Pore sizes and their corresponding numbers,
which are summarized in Table 2, are fairly similar to recent esti-
mates of NF270 membrane [22]. Semiao et al. [29] have recently

(¥-M )0.5 T got an identical average pore radius for the NF270 membrane,
Daw =7.4-1078 #06 (11) 0.40 nm, while bigger pores (defects) are reported in a TEM study
wVa on the NF270 membrane [30].

Table 1

Characteristics of organic solutes (purity, origin, molar mass, diffusion coefficients in water, Sc numbers and corresponding Stokes radii).
Organic solute Manufacturer M (g mol 1) D(10"9m?s71) Sc, T=298 K Tse (nm)
Trimethylene oxide, 97% Acros Organics, New Jersey, USA 58.08 11.8 850 0.185
1,3-Dioxolane, 99.8% Sigma-Aldrich, USA 74.08 11.0 912 0.198
Glycerol, 98% VebLaborchemie, Apolda, Germany 92.09 10.2 983 0.214
1,4-Dioxane, 99.8% Sigma-Aldrich, USA 88.11 9.6 1046 0.227
Erythritol, min 99% Sigma-Aldrich, USA 122.12 8.7 1153 0.251
1,4-Cyclohexanedione, 99% Fluka, Switzerland 112.13 8.4 1192 0.259
Cyclohexanol, 98 % Riedel-De Haen Ag Seelze, Germany 100.16 8.1 1232 0.268
Pinacol, 99% Sigma-Aldrich, USA 118.17 7.7 1308 0.284
12-Crown-4, purum; >98% Fluka, Switzerland 176.21 6.3 1585 0.345
15-Crown-5, >98% Merck-Schuchardt, Miinchen, Germany 220.27 55 1814 0.395
18-Crown-6, >99.5% (GC) Fluka, Switzerland 264.32 49 2022 0.440
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IIT’ZI;OZStructural properties. Data on pore radii, number of pores and porosity were obtained using described calculation procedure and Eq. (10), while the AFM data taken from
Freger [18].
AFM data Dominant radii Number of pores Porosity
AXary AXwet r1 (nm) r (nm) N, N, € L,Lm~2h 'bar™!
14.1 19 0.40 1.00 1.19E+15 1.09E+13 0.048 125

Assuming, however, the real pores (voids) in the NF270 selec-
tive layer are cylindrical, hydrodynamic resistance is directly cor-
related with the thickness of the selective layer, AXye,, Which
significantly affects calculated surface porosity. Hydrodynamic
resistance is also minimized due the fact velocity inside the pore
is considered constant in time and not rotational. These simplifica-
tions in the model made the thickness parameter, AXyet, as the
dominant parameter in setting the scale of the total number of
pores, i.e., porosity, Eq. (10). Because of this simplification, the real
porosity of the membrane should be even greater than the calcu-
lated porosity (4.8%) simply because the hydrodynamic resistance
of the real and tortuous pore, of the same thickness, is greater than
the one of idealized and straight cylindrical pore. In this sense, the
“real” porosity of this membrane should be several times higher,
which is indicated by the measured high water volume fraction,
20% [18]. It then appears that NF270 shows high water permeabil-
ity (L,, Table 2) because of its very thin selective layer, 19 nm [18],
and relatively high porosity. For this reasons NF270 could be very
suitable for VVM because solute transport across the NF270 layer
could be very sensitive to any change in concentration near the
membrane surface [22]. In addition, higher porosity of NF270
may add to a more regular buildup of a polarization layer on the
membrane surface.

4.2. Cross-flow velocity effect on measured rejection, f, of organic
solutes- correlation to Stokes radii of organic solutes

Fig. 2A plots the measured rejection of three representative or-
ganic solutes, differing in size, at different cross-flow velocities. It
should be noted that data reported herein are probably valid only
for the rectangular cell used in this study and may not entirely hold
in some other geometry, for instance tubular module where CP is
less pronounced. Nevertheless, data presented indicate that the
measured rejection strongly depends on hydrodynamic conditions
making CP an important parameter in optimizing the NF perfor-
mance for the best removal of a particular organic solute. Fig. 2B
shows relative changes in rejection from a remarkable 280% for
smallest solute, to only 6% for biggest solute.

A change in measured rejection obtained with an increase in
cross-flow velocity might be related to structural properties of
the NF270 selective layer, such higher porosity and its being extre-
mely thin. Both of these properties could make NF270 sensitive to
changes in concentrations at the membrane surface. For instance,
concentration of the solute at the membrane surface is directly re-
lated to mass transfer coefficient in the channel [12]. At a constant
permeation velocity logarithm of mass transfer coefficient is pro-
portional to average cross-flow fluid velocity, Eq. (7), and its in-
crease is directly reducing the concentration of the solutes at the
membrane surface. Since concentration of a solute at the mem-
brane surface is directly affecting the solute flux across NF270
selective layer, solute flux becomes lower which results with an in-
crease in measured rejection. A recent study on NF270 reported
similarly high changes in rejections of organic solutes, which were
attempted to correlate to the change in concentration of solutes
near the membrane wall [22]. It should be noted though, in the
aforementioned study [22] the concentrations of solutes near the
membrane wall were manipulated quite differently. Membrane
was modified with hydrophilic layer, i.e. the affinity of membrane
was changed which dramatically affected the rejections of organic
solutes, measured at a constant cross-flow velocity.

Brian [12] suggested a concentration of a solute at the mem-
brane wall in cross-flow conditions depended highly on the mem-
brane rejection of the particular solute, permeation velocity, and
mass transfer coefficient. According to Brian, at a constant perme-
ation velocity, concentrations of poorly rejected solutes (Fig. 2A)
should be just slightly above the corresponding concentrations in
the bulk solution. The smallest and poorly rejected solutes, how-
ever, show the highest measured changes in rejection while the
biggest solutes show very small change in rejection with cross-
flow velocity. For instance, trimethylene oxide rejection increased
from 9% to 24% while that of biggest 18-crown-6 changed from 87%
to 95%. Note that the rejection of organic solutes depends on the
solute size and the average pore size [31]. The bigger is the solute,
the higher is the friction between the pore wall and the solute and
the lower is the solute flux (Fig. 3). The higher the friction, the
membrane is less sensitive to the changes in the concentrations
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Fig. 2. The effect of cross-flow velocity on measured rejection: (A) trimethylene oxide (O), glycerol (O) and 18-crown-6 (A); (B) the relative difference in rejection,
1/% = {[f(u =0.56) — f(u=0.11)]/f(u = 0.11)} - 100, versus / = rs/r, (NF270), r, = 0.40 nm.

at the membrane surface. Obviously, friction force between small
organic solutes, such trimethylene oxide, and pore wall is small
thus making NF270 membrane sensitive to change in concentra-
tion of small solutes (driving force) at its surface. The rejection of
trimethylene oxide, however, could not be expected to increase
much more above 30% since at highest cross-flow velocity used
its concentration near the membrane surface was probably close
to that of a bulk.

In order to facilitate the discussion let us consider the solute at
the entrance of the pore and the forces acting on it, which is well
illustrated in Fig. 3. At a constant permeation velocity, the “suction
force” that pulls the particular solute into the membrane pore may
be considered constant and in major part balanced by the friction
force and back-diffusion solute drag. Note that back-diffusion drag
is proportional to the mass transfer coefficient and the difference
in concentrations at the membrane surface and in the bulk. One
may conclude from Fig. 2 that back-diffusion drag weakly affected
the overall measured rejection because the change in cross-flow
velocity poorly affected the rejection of bigger solutes. It is appar-
ent then that the “suction” force is in major part balanced only by
the friction force which depends on the solute and the pore size. It
is then suggested that change in rejection of smaller solutes should
be related to solute size and structural properties of the NF270,
more precisely to the solute/average pore radii ratio, 4 (Fig. 2B).

Cross-flow velocity

Back-diffusion + drag (convection)

s

Membrane

Diffusion+ suction (convection)

Fig. 3. Forces acting on a solute at the entrance of the pore.

Parameter 2 is widely applied in hindrance factor relations [32]
for predictive purposes of hindered transport of solutes in water-
filled pores. In this sense, /4 may be used as a parameter correlating
to the solute/membrane friction force (Fig. 3). Data presented in
Fig. 2B show a strong correlation of the relative change in
measured rejection and solute/pore radii ratio, A. It can be re-con-
firmed, referring to Fig. 2B, that at higher and constant permeation
velocity, analogous to the one used in this study, a significant “suc-
tion” of smaller solutes [17] occurred. The effect of “suction” on the
back-diffusion drag, i.e. mass transfer coefficients, is discussed in
the following sections.

4.3. Comparison of model and experimental values of mass transfer
coefficient — correlation to solute flux

Mass transfer coefficients are experimentally obtained using Eq.
(5) as showed in Fig. 4. Values of K are estimated by linear regres-
sion and used to calculate average mass transfer coefficients in
analogy with Eq. (7), i.e., kexp =K u®>’, where K is approximated
from two independent measurements (Fig. 4). Table 3 summarizes
the measured mass transfer coefficients with corresponding con-
stant K paired with coefficient of determination, R%. Assumption
on uniform film thickness in spacer filled channels could be consid-
ered fairly valid, given that the average errors, measured through
coefficient of determination, are fairly small (Table 3).

Fig. 5A compares experimentally obtained mass transfer coeffi-
cients (Table 3), with model k, which are obtained using Eq. (8)
[14]. Curiously experimental and model values of k show two
opposite trends for small Sc numbers where both become consis-
tent at higher Sc numbers, when the rejection of the solutes is suf-
ficiently high, f> 85%.

Let us consider “suction” as solute flux through the membrane
pore. Solute fluxes, Js, which are summarized for the examined sol-
utes in Fig. 5B, may be calculated using experimentally obtained
concentration and permeation velocities, as Js=J, Cp, where C,,
mol m~3, is the solute concentration in the permeate. Data showed
in Fig. 5B suggest that the mass transfer coefficients of small
organic solutes are much smaller than ones predicted by the Sh
relation because solute flux of smaller solutes (Fig. 5B) is up to
thirty times higher compared to the bigger solutes, i.e. there is a
strong drag of smaller solutes into the NF270 pores. Solutes of low-
er Sc numbers have higher diffusivities (smaller Stokes radius) in
water and, in general, lower molecular mass which makes them
more susceptible to “suction”.

Curiously, the mass transfer coefficient of 1,4-cyclohexanedione
(CHD), whose rejection by NF270 is about 50%, is overestimated in
lesser proportion compared to other solutes within the similar
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Fig. 4. Representative examples of velocity variation method used to estimate mass
transfer coefficients of three different solutes on NF270. Lines represent fits
obtained by linear regression, at J, ~ 40 ums~".

Table 3
Values of constant K and mass transfer coefficient, ke, at u=0.11 ms~'. Data
presented are obtained from linear regression of experimental data on NF270

membrane, J, ~ 40 pm s~ .

Organic solute K/10~> R? Kexp (m s™1)
Trimethylene oxide 4.93 0.935 14.0
1,3-Dioxolane 4.61 0.953 13.1
Glycerol 7.25 0.983 20.6
1,4-Dioxane 6.09 0.953 173
Erythritol 6.26 0.978 17.8
1,4-Cyclohexanedione 7.88 0.961 224
Cyclohexanol 6.12 0.990 174
Pinacol 5.84 0.959 16.6
12-Crown-4 8.87 0.959 25.2
15-Crown-5 7.74 0.936 22.0
18-Crown-6 7.46 0.977 21.2

range of Sc. In addition, solute flux of CHD is similar to solute flux
of the other solutes of similar Sc numbers, of about 25 pmol m2
s~1. The difference between the theoretical and experimental mass
transfer coefficient of CHD, however, is about 20%, as shown in
Fig. 5A. This implies that the solute flux is not the only parameter
that sets the scale of k and that solute/membrane energy of inter-
action may play a substantial role, as reported earlier for rejection
of solutes [22,33-35]. In this context, repulsion between the CHD
and the membrane surface could explain the smaller difference

60
50 1 ¥ ¢
BoK
40 1 X ¥
T o
0,
£ 301 O
> -0
= CHD,
= ~
5 +
S 201 +
o5 ++++
+ + Experimental, VVM, Eq. (5)
O Theoretical, Eq.(8)
X Suction, Eq. (9)
10 T T T
500 1000 1500 2000 2500

Sc

between theoretical and experimental k, although, such state-
ments should be verified by additional work which exceed the to-
pic of the present study. Nevertheless, it is apparent that the solute
flux is the dominant parameter.

Bigger crown ethers (12-crown4, 15-crown-5 and 18-crown-6)
showed relatively good congruence of experimental and model
data on mass transfer coefficients (circled area in Fig. 5A) suggest-
ing that at solute fluxes equal or below 2.5 pmol m~2s~! (Fig. 5B)
one may expect fairly good estimates of mass transfer coefficients
using Sh relation. It should be mentioned as well that good congru-
ence of experimental and model data on k of crown ethers is also
direct proof of choosing the right coefficient B in Eq. (5) using
the analogy with Eq. (7).

Theoretical k may be corrected for “suction” with a correction fac-
tor proposed by Geraldes and Afonso [17], using Eq. (9), which is
developed using computer flow dynamics for an idealistic case when
the membrane rejection is 100%. Geraldes and Afonso claim that the
proposed correction factor for k is valid within the ranges of
0.10 << 0.999, and J,/k < 20. Such “suction” corrected mass trans-
fer coefficients are presented in Fig. 5A along with our experimental
and model k. It may be noted that “suction” corrected mass transfer
coefficients clearly differ from both experimental and model k indi-
cating such correction is not valid for system involved. Such correc-
tion clearly overestimates the mass transfer coefficient, probably
because it assumed 100% rejection of solutes, which is unrealistic.
In other words, Geraldes and Afonso assumed no solute flux through
the membrane. For this reason, their modelling probably predicts an
increase in concentration of solutes at the membrane surface which
consequently increase only the back-diffusion of solutes from the
membrane surface to the bulk solution, however, not the diffusion
of solutes through the membrane at the permeate side.

4.4. Numerical evaluation of Sh versus Re relations - correction factor
for coefficient c on Sc

The experimental and theoretical Sh are compared in Fig. 6.
Experimental Sh was calculated using Eq. (1) and known values
of Kexp, D and dy. The theoretical Sh relation [14] (Fig. 6A) abso-
lutely overestimates the Sh number for lower Sc number, when
coefficient on Sc is taken as ¢ = 0.42 [14]. Clearly, such an overesti-
mate is attributed to high solute fluxes of smaller organic solutes.
For this reason experimental data on Sh and Re were fitted to the
model Sh = 0.126 Re®>7 Sc¢, where c was taken as the fitting param-
eter (Fig. 6A and B). It may be noticed the fitted model described
the experimental data on Sh versus Re remarkably well and that
the coefficient ¢ appeared to be different for each solute tested
(Fig. 7). Coefficient ¢ was found to strongly correlate with solute/
pore size radii ratio, 4, i.e., friction between pore wall and the
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Fig. 5. Evaluation of experimental and theoretical mass transfer coefficients: (A) comparison of experimental, kexp, and theoretical k and ks, versus Sc number, Re = 118; (B)

solute flux, Js =J, Cp, versus solute radius/average pore radius ratio, Z, at Re=118.
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solute. Coefficients c of different solutes are approaching the model
value of 0.42 with the decrease of solute flux of the particular sol-
ute (Fig. 5B). Fitting the data on coefficient c to the two parameter
model ¢/Cmoder=1 — A EXP (—BJ) provided a correction relation
(Fig. 7) which is probably valid only for this specific membrane
in this specific rectangular cell at permeation velocity of
Ju~40 ums~'. The proposed model of ¢ suggests that at higher
/, already at /> 2, c does not need correction anymore.
Correction on Sc was proposed decades ago by Gekas and Hall-
strém [24] when significant change of diffusivity and viscosity oc-
curs near the membrane surface under concentration polarization
conditions. For instance, concentration polarization may signifi-
cantly increase the viscosity of solution and decrease diffusivity
of solutes near the membrane wall, which could be particularly
important in ultrafiltration where permeation velocities are much
higher and mass transfer coefficients much lower [36]. Concentra-
tions used in this study, however, are too small (0.0005-
0.02 mol dm3) to significantly affect both viscosity of solution
and diffusivity of solutes near the membrane surface, even if polar-
ization increases concentration by an order of ten. If it is assumed
viscosity of solution under polarization conditions was fairly con-
stant, which is quite reasonable, it could be that the use of theoret-
ical (predicted) diffusivity in Sc number causes the observed
differences between model and experimental data (Fig. 6). Let us
assume that the value of the back-diffusion coefficient at the mem-
brane surface is set by two opposite drags and friction forces,
which is well illustrated in Fig. 3. Then the “real” back- diffusion
coefficient near the membrane surface should be lower in

proportionality to solute flux through the membrane. Since mass
transfer coefficient is the ratio, k = D/5, where D here is the back-
diffusion coefficient, one could expect a significantly overesti-
mated k for smaller solutes, which is clearly shown in Fig. 5A.

5. Conclusion

The difference between this and previous studies on mass
transfer phenomena is in the way of varying the Sc numbers. Pre-
vious studies varied Sc numbers by using one solute (salt, dextran,
glucose, etc.) and changing the viscosity, either by change in con-
centration of solutes, i.e. density of the solution, or simply by
changing the temperature, or both. This particular study, however,
varied the Sc numbers by taking the solutes that have a different
diffusivity, i.e., size, in water at constant temperature and concen-
tration, and in this context evaluated the model Sh relation from a
different angle.

This study found that model Sh relation cannot be used to suc-
cessfully predict mass transfer coefficient and thus concentration
polarization of smaller organic solutes in SEPA II rectangular chan-
nel with one permeable wall represented by a nanofiltration mem-
brane of defined pore size and porosity. Mass transfer coefficients
of smaller organic solutes and at higher permeation velocity were
significantly overestimated using model Sh relation. This was
attributed to the significant solute flux of smaller solutes over
the NF270 selective layer. At higher 4, 2> 0.86, when solute flux
was equal or below 2.5 pmol m~2 s, model Sh relation was fairly
valid and it predicted the mass transfer coefficients relatively well.
In general, the removal of small organic solutes was found to be
highly affected by the cross-flow velocity in the channel. It has
been show that increase in cross-flow velocity may increase the re-
moval of organics from 280% to 6%, depending on the solute size.

Sc number in Sh relation needs a “solute flux” correction when
significant solute flux through the NF permeable wall occurs. The
present study propose such correction over a strong correlation ob-
tained between coefficient c in, Sh = 0.126 « Re®>? Sc°, and / (solute
size/pore size), which is an appropriate measure of solute flux. The
correlation, which has the form of c/cpoder=1—2.919 EXP
(—4.343)), may serve to estimate coefficient ¢ and thus correctly
estimate mass transfer coefficients of differently sized organic sol-
utes on NF270 membrane in SEPA Il rectangular cell at the perme-
ation velocity of 40 um s~
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