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ABSTRACT: Interfacial polymerization is one of the main
techniques for producing composite nanofiltration (NF)
membranes. In this study, five NF membranes were pro-
duced through interfacial polymerization under different
conditions of reactions, namely varying reaction time, as
well as monomer concentrations. The membranes were then
imaged using atomic force microscope (AFM). AFM images
provided information of the average pore size, pore size
distribution, and surface roughness. For some of the mem-
branes, discrete pore sizes were visible. Increasing the reac-
tion time resulted in decreasing water permeabilities but
based on AFM imaging the pore size was of similar value.
Increasing the monomer concentration also resulted in de-

creasing water permeabilities. However, based on AFM im-
aging the pore size differs considerably. Additional perme-
ation experiments were also carried out using NaCl and
Na,SO, solutions with membranes identified as NF. By fit-
ting the rejection data using a model such as the Donnan-
steric-pore model, the variation in effective charge density of
the membranes was also determined. The ability to tailor
composite NF membranes with the right properties will
significantly improve membrane performance. © 2005 Wiley
Periodicals, Inc. ] Appl Polym Sci 96: 605-612, 2005
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INTRODUCTION

Nanofiltration (NF) membranes have been recognized
for having properties in between those of ultrafiltra-
tion and reverse osmosis and thus have found appli-
cations in many areas, especially in rejecting ions and
charged organic pollutants. Due to the charged
(mostly negative) nature of the membranes, the sepa-
ration performance is influenced not only by the steric
effect, but also by the charge or Donnan effect.

One of the main techniques to produce NF mem-
branes is through the interfacial polymerization tech-
nique. The technique has been used to produce com-
mercially successful NF membranes such as the NF-45
membrane by Dow." Membranes produced using this
technique are considered thin film composite mem-
branes due to the thin layer deposited on top of the
support structure. The thin layer allows for higher flux
to be obtained while maintaining similar rejection
properties compared to asymmetric membranes. Var-
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ious studies have been carried out to observe the effect
of several parameters involved during the interfacial
polymerization process.>® Most of the studies, how-
ever, depended on solute rejection results to ascertain
the effect of certain parameters on the characteristics
of the membranes produced.

For NF membranes, a microscopy technique such as
scanning electron microscopy is not suitable due to the
nanoscale dimension involved. An alternative tech-
nique would be to use atomic force microscopy (AFM)
to study the surface morphology of these membranes.
AFM* is a relatively newly developed technique that
gives topographic images by scanning a sharp tip over
a surface’ and has been used to produce atomic reso-
lution images of both conductors and nonconductors.®
AFM can image both conductive and nonconducting
surfaces with nanometre scale resolution in air and
even under liquids. Consequently, the samples need
not be exposed to vacuum, and preparation tech-
niques like evaporating a thin metal coating or taking
a replica are unnecessary. Even soft organic surfaces
can be successfully imaged with AFM because the use
of microfabricated cantilevers® allows operation with
total forces between 10~7 and 10™® N in contact mode
and in the order of 10~'* N in noncontact mode.

The study of the surface morphology of membranes
can help one to understand the separation processes in
these membranes as the characteristics of pore struc-
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ture (pore diameter, pore density, and pore size dis-
tribution) determine their filtration properties. How-
ever, a high-resolution microscope is necessary to ob-
serve the small pores, especially in nanofiltration
membranes.”” Our previous studies concerning the
use of AFM”'? on NF membranes showed that dis-
crete pores with measurable dimension can be well
observed.

In trying to model the performance of NF mem-
branes, the membranes are typically characterized in
terms of the effective pore radius, r,, (accounting for
steric effect), and effective charge density, Xy, (for the
Donnan effect).''™"® An additional parameter would
normally be the effective ratio of membrane thickness
over porosity, Ax/A,. Once these parameters are ob-
tained, it is possible to use models such as those based
on the extended Nernst-Planck equation to simulate
the separation performance of the membranes.'*

Previously we showed'® that the commercially
available NF membranes have wide ranging charac-
teristics of rer Ax /Ay, and Xj. In subsequent work, ¢ it
was shown that selection of suitable membrane char-
acteristics for specific processes will allow for higher
efficiency and improvements in the process. There-
fore, there is the so-called “optimized” membrane pa-
rameters, which, if it were to be used, would certainly
help in reducing the cost of membrane applications in
the industry. The ability to produce nanofiltration
membranes with optimized properties will certainly
provide significant improvement in terms of mem-
brane performance and processing cost reduction.”
Thus, by understanding the variation of properties
during the interfacial polymerization process, it
would lead toward better NF membranes for future
applications.

The main objective of this paper then is to use
information from atomic force microscopy to under-
stand the characteristics of NF membranes produced
using the interfacial polymerization technique. AFM
was used to study the membrane properties providing
data on pore size, pore size distribution, and surface
roughness. Additional permeation experiments were
also conducted with water, NaCl, and Na,SO,. For the
salt rejection data, additional interpretation by fitting
the data to model such as the Donnan-steric—pore
model” was required in order to obtain an estimate of
the effective charge density. By this mean, the trend of
variations of r,, Ax/A,, and X4 of the membranes can
be determined.

MATERIALS AND METHOD

Six membranes were fabricated using the interfacial
polymerization technique. The membrane support
was made from a mixture of polysulfone (P1835-BP
Amoco) and polyvinylpyrrolidone (Fluka) with
N-methyl-2-pyrrolidinone as the solvent. The top ac-
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TABLE 1
Summary of Membranes Fabricated

BPA concentration

Membranes Reaction time (s) (wt %)
PT-30 30 1
PT-45 45 1
PT-60 60 1
PC-05 45 0.5
PC-1 45 1.0
PC-2 45 2.0

tive layer was obtained through interfacial polymer-
ization between trimesoyl chloride (Aldrich) in hexane
(Merck) with aqueous phase containing bisphenol A
(BPA) (Aldrich). BPA acted as the monomer for the
interfacial polymerization reaction. Table 1 shows the
summary of the membrane preparations. The first
three membranes identified as PT-30, PT-45, and
PT-60 differ in their dipping time during the interfa-
cial reaction. The other three membranes identified as
PC-05, PC-1, and PC-2 differ in terms of the concen-
tration of BPA used during the interfacial polymeriza-
tion. PT-45 is essentially equivalent to PC-1 mem-
brane.

AFM imaging

AFM was used to vizualize the surface structures of
membranes. The AFM used in this study was an Ex-
plorer (TMX 2000), a commercial device from Vecco
Instruments. High-magnification images of membrane
surfaces can be obtained with the use of microfabri-
cated cantilevers.'”” A silicon cantilever (Ultralevers,
Park Scientific Instruments) with a high aspect ratio
tip of typical radius of curvature 5-10 nm was used to
scan the membrane and produce the images. The pro-
file imaging mode was selected to study the polymeric
membranes at room temperature of 25°C. This imag-
ing mode has not been previously used for imaging
membrane surfaces; it has many advantages over
other AFM modes. In the profile imaging mode, the
image was acquired by having the tip approach the
surface at a speed of 300 um/s. At such speed the
feedback signal was more positive than the set point,
—5 nA. The Z level was recorded as topographic in-
formation. The tip was retracted above the sample by
a fixed distance (Z pullout of 3100 nm) and the tip was
moved laterally to the next position at the top of the
pullout cycle. The process was repeated at each data
point to establish the topographic profile of the mem-
brane surface. The images were obtained over an area
of 30 X 30 um for both initial and modified mem-
branes. Membrane surface parameters such as the root
mean square of Z values and total contact area can be
obtained from the images.
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TABLE 1I
Equations for the DSPM Model

Equations for the Donnan—steric-pore (DSPM) model

Main equations
Concentration gradient

dc; . Jv K c ZiCi r A,
dx — Di,p ( iCi T i,p) - RT' dx (a)
Donnan-steric partitioning
Yici\ P ziF A
'Y;JCI =Pexp| — RT ¥ (C)

Hydrodynamic drag coefficients
K1 (A,0) = 1.0 — 2.30\ + 1.154\% + 0.224A°
G(A,0) = 1.0 + 0.054A — 0.988\% + 0.441)°

6]
(8)

Potential gradient

n

Zi]v
z D. (Ki,cCi - Ci,p)
dfr, =1 P
e (b)
F n
RT 2 (zic)
i=1
where:
Hindrance factors
Kia=K7'(A\0) K. = (2= ®)G(1,0) (d)
Di,p = KiaDijx (e)
Steric partitioning
®=(1-) (b

Electroneutrality conditions

n n
EZ,‘C,'ZO EZIC,'Z _Xd
i=1 i=1

Permeation experiment

Permeation experiments were carried out with dis-
tilled water, NaCl, and Na,SO, solutions. The NaCl
and Na,SO, used were of high purity grade and were
obtained from Fluka. Solutions were prepared with
distilled water. The membranes were immersed at
least overnight in such water before being used in any
experimental work. All solutions were thermostated at
25 * 0.2°C in a water bath for at least 1 h before being
used in the experiment. The salt concentrations were
measured using a conductivity meter (Inolab).

A stirred Amicon ultrafiltration cell, Model 8200,
was used in the experiments. It had a volume capacity
of 200 ml and could hold a membrane disc 62 mm in
diameter. The effective area of the membrane was 28.7
cm?. The maximum operating pressure of the cell was
517 kN m™? (75 psia). This limited operating pressure
thus restricted the range of fluxes that can be investi-

gated. Therefore, for the permeation experiments only
three applied pressure were used, namely 25.0, 45.0,
and 65.0 psia.

Donnan-steric—pore model (DSPM)

The rejection data of NaCl at various concentrations
were fitted to the Donnan—steric—pore model in order
to determine the variation of effective charge density,
X4, of the membranes. DSPM was used previously to
describe the transport of ions/solutes inside the mem-
branes.”'’ The extended Nernst-Planck equation
forms the basis for the model and can be written as

dy
Fix

: — _p de; zicD
Ji= T ie gy T RT

ip

+ K, iV, (1)

where j; is the flux of ion i and the terms on the
right-hand side represent transport due to diffusion,

TABLE III
Characteristics of the Membranes
Water
permeability ry using AFM Ax/Ay
Membrane Lm2h™1 (nm) (um) K n
PT-30 34.53 1.68 3.87 26.85 0.654
PT-45° 14.78 1.57 7.85 22.26 0.632
PT-60 9.97 1.21 6.96 6.95 0.620
PC-05 37.78 5.36 36.02 Not analyzed
PC-1? 14.87 1.57 7.85
PC-2 2.60 <04 2.92

2 The same membrane.
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Figure 1 AFM surface images of various membranes: (a) PC-05, (b) PC-1/PT-45, (c) PC-2, (d) PT-30, and (e) PT-60.

electric field gradient, and convection, respectively.
The hindered nature of diffusion and convection of the
ions inside the membrane are accounted for by the
terms K; 4 and K; .. Further details for solution of this
equation for transport through NF membranes can be
found elsewhere.”'*!> Table 2 shows other supporting
equations used in this model.

The DSPM model depends on three NF membrane
parameters: effective pore radius, Tps effective charge
density, X, and effective ratio of membrane thickness
to porosity, Ax/A,. The r, was obtained from the AFM
measurement while Ax/A, was obtained from the
Hagen-Poiseuille relationship between water flux and
applied pressure, as shown below,
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Figure 2 Pore size distribution of membranes: (a) PT-30, (b)
PT-45, and (c) PT-60.
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where J,, is permeate flux, u is the viscosity, AP is the
applied pressure.

An estimate of the charge density variation of the
membranes can be obtained by fitting the rejection
data of NaCl to the DSPM model. Based on this charge
density, the rejection of Na,SO, can be predicted using

the model. Thus, the predicted rejection and experi-
mental rejection of Na,SO, will also be compared.

RESULTS AND DISCUSSION
Water permeation of the membranes

Table 3 shows the summary of the permeation study
carried out with distilled water using the six mem-
branes prepared. As shown in the second column of
Table 3, the permeability decreased significantly as the
reaction time and BPA concentration were increased.
The range of values obtained was well within the
range of values reported previously for NF mem-
branes available commercially, which is between 1.331
and 50.50 L m > h™ ' bar "

Reaction time as well as the concentration of BPA
affect the water permeability very much. Ji and
Mehta reported that the growth of thin film depends
very much on the reactant concentration. In this case
as the BPA concentration was increased, the thin film
composite layer was postulated to be thicker and thus
resulted in lower permeabilities. A similar effect is
expected as a function of the reaction time. In this case,
longer reaction time will induce a thicker thin film
layer on top of the polysulfone support.

AFM imaging

It should be noted that the pore dimension obtained
using AFM is not exact due to the uncertainty in
absolute dimension measurements caused by convo-
lution of the AFM tip and pore shapes at the nanome-
ter scale.'” However, for the purpose of this study, the
results from AFM can be used for relative comparison
of the pore dimensions of the six membranes as well
as to determine the pore size distribution of the mem-
branes.

The AFM was used to image the surface of each of
the membranes. Figure la—e shows the surface image
of membranes PC-05, PC-1/PT-45, PC-2, PT-30, and
PT-60, respectively. The images clearly show the exis-
tence of discrete pores in the membranes except for the
PC-2 membrane. Table 3 lists the pore size of all mem-
branes. It can be seen that for the PT-30, PT-45, and
PT-60 membranes, the pore size did not vary much. In
this case, the variation of reaction time affected the
flux very much but not the effective pore sizes. How-

TABLE IV
Root Mean Square Roughness Value (RMS)
for All Membranes

Membrane RMS (nm)
PT-30 0.4857
PT-45 0.4627
PT-60 0.5859
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Figure 3 Experimental and fitted data for NaCl rejections vs permeate fluxes: (a) PT-30, (b) PT-45, and (c) PT-60.

ever, for membranes PC-05, PC-1, and PC-2, the pore
sizes vary significantly. For PC-05, the large pore size
was not expected and in this case the PC-05 membrane
was possibly closer to the ultrafiltration membrane.
PC-2 membranes meanwhile may be considered re-
verse osmosis membranes since the pores were not
visible (<0.4 nm). Thus, for subsequent detailed stud-
ies, only the three membranes (PT-30, PT-45, and PT-
60) were considered since they represent NF structural
properties.

The pore size distribution was determined for the
three membranes. Figure 2 shows the pore size distri-
bution of the three membranes. It can be seen that the
pore size distribution was quite wide, indicating the
typical distribution of polymeric membranes. Further
measurement of the root mean square roughness
value (RMS) of the three membranes was also made.
Table 4 shows the RMS values for the three mem-
branes, PT-30, PT-45, and PT-60. The software of the
AFM allows quantitative determination root mean
square of Z values as the square root of the mean
value of the triangles of the distance of the point from
the image mean value over each data point:

1Y ,
RMS = NE(Z,.—Z>, (3)

i=1

where Z; is the current Z value, while Z and N are the
average of Z values and the number of points within
the area, respectively.

Average height gives the arithmetic mean defined
as

1 N
Zl=y S 2. @
i=1

Total contact surface area is calculated including the
height (Z data; Z,, Z,, Z3, and Z,) of every four adja-
cent pixels. The surface of the square described as Z;,
Z,, Z3, and Z, is computed by dissecting the square
into triangles and then computing the area of each
triangle,

2 = G0 T (AZ, 5)

where AZ,, = Z, —Z,,
reny B e
b= \(Ay)* + (AZ5)?, (6)
Whel‘e AZ24 = Zz - Z4,

c= \/(AZ)Z +(AZ )7, (7)

where AZ,, = Z, — Z,.
The surface of a single triangle is then calculated as

S= \pp—a)p-b)p-o), (8)

where p = 12(a+b+c).



INTERFACIALLY POLYMERIZED NANOFILTRATION MEMBRANES 611

90 4

80 ]
L4
70 4 >
60 4 *
g 50 4 A
o 40 ] A
30 1 a
20
10
0 T
0 10 20 30 40

Flux, J, x 10°¢ (m*m?s)

e 0.01MNa2S04 a 0.01 MNaCl — DSPM

(a)

R (%)

Flux, J, x 10°® (m*/m?s)

& 0.01 MNa2S0O4 4 0.01 MNaCl ——DSPM

T T T T T T T 1

5 10 15
Flux, J,x 10 (m*m?s)

| & 0.01MNa2504 a 0.01MNaCl —DSPM]

(©

(b)

Figure 4 Predicted rejection of Na,SO, based on DSPM compared to the experimental rejection for membranes: (a) PT-30,

(b) PT-45, and (c) PT-60.

This calculation was applied to the entire imaged
surface in order to get the total surface area including
the z variations. So the ratio of the projected area over
the surface area gives a good indication of the sample
surface area deviation in relation to the geometric flat
surface.

It was reported recently'® that surface roughness
had a significant impact on the increase in membrane
productivity. Thus, the ability to measure surface
roughness and relate it to membrane performance
should be investigated in the future. AFM measure-
ment will allow such direct quantification of surface
roughness and this can be directly related to the mem-
brane productivity. The three membrane samples
measured in this study were inadequate to lead to any
conclusions.

Fitting to the DSPM model

Permeation experiments were carried out with 0.001,
0.01, and 0.1 M NaCl at applied pressure ranging from
1.5 to 4.5 bar and the result was interpreted using the
Donnan-steric-pore model mentioned previously.
Again these were done only for the three membranes:

PT-30, PT-45, and PT-60. In order to use the DSPM
model, three parameters characteristics of the mem-
brane are required, namely effective pore radius, r,,
effective thickness over porosity, Ax/A,, and effective
charge density, X4. In this work, r, would be taken
from the average r,, as provided by the AFM image.
Ax /Ay was then determined from Eq. (2). The mem-
brane thickness for the PT series membranes did not
differ by much in the range of 3.92-7.85 um. For the
PC series membranes, Ax/A, decreased as the BPA
concentration increased. The variation in the thickness
of the thin film is the main reason why the permeate
flux decreased for the PT series (effect of r, about the
same), while for the PC series the reduction in perme-
ate flux is caused by mainly by reduction of r, since
the decreasing thickness would have the opposite ef-
fect on flux.

The salt rejection data were then fitted with the
DSPM model in order to obtain Xj. Figure 3 shows the
plots of the fitted rejection data of NaCl at different
concentrations for membranes PT-30, PT-45, and PT-
60. The fitting with the DSPM model is reasonably
good using the parameters obtained from the AFM
imaging.
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The effective charge density, Xy, can be related to
the NaCl concentrations through some type of iso-
therms. One of the commonly used forms is the fol-
lowing Freundlich isotherm form:*

X, = k'C}. )

The fifth and sixth columns of Table 2 shows the
values of k' and n as obtained through the fittings of
Eq. (3). The results show that the k' values increased
for the PT membranes kpr.39 > kpras > kpreo- The
values of n for all membranes were similar, in the
region of 0.62-0.65. Based on the results of this study,
it seems that the effective charge density (moles of
charge/volume) is higher for a thinner thin film mem-
brane compared to the thicker membrane, which in-
directly contributed to the decrease in salt rejection.

The values of r,, X4, and Ax/A, were then used to
predict the rejection of Na,SO,. Our previous study*'
showed that the predictive capability of DSPM was
quite remarkable for monovalent cation of salts such
as NaCl and Na,SO,. In such cases, the rejection of
Na,SO, can be predicted based on the X; obtained
from NaCl rejection. X4 should be taken to be a func-
tion of the concentration of Na* ions. Thus, for 0.01 M
Na,SO, the concentration, C,, which should be used in
Eq. (7), is 0.02 M. Figure 4 shows the predicted rejec-
tion of Na,5O, based on DSPM compared to the ex-
perimental rejection for membranes PT-30, PT-45, and
PT-60. The results shows that the agreement between
predicted and experimental rejections was quite good.

CONCLUSIONS

Based on the findings from this study, atomic force
microscopy is a useful tool to observe the variations of
the NF membrane properties obtained using the inter-
facial polymerization technique. The variation of reac-
tion time as well as monomer concentrations can affect
the properties of the membrane produced. Increasing
the reaction time resulted in decreasing water perme-
abilities, but based on AFM imaging, the pore size was

MOHAMMAD ET AL.

of equal value. Increasing the monomer concentration
also resulted in decreasing water permeabilities. How-
ever, based on AFM imaging the pore size differs
considerably. Additional permeation experiments and
data interpretation with predictive model such as the
DSPM model allow further understanding of the vari-
ation of membrane properties. The effective pore sizes
obtained from AFM data were shown to be able to fit
the rejection data quite well. Through DSPM model
fitting, the effective charge density was also found to
be quite varied.
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