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Abstract

Determination of the surface roughness by AFM is crucial to the study of particle fouling in nanofiltration. It is, however, very d
to compare the different roughness values reported in the literature because of a lack in uniformity in the methods applied to
surface roughness. AFM is used in both noncontact mode and tapping mode; moreover, the size of the scan area is highly variable
compares, for six different nanofiltration membranes (UTC-20, N30F, Desal 51HL, Desal 5DL, NTR7450, NF-PES-10), nonconta
AFM with tapping mode AFM for several sizes of the scan area. Although the absolute roughness values are different for noncon
and tapping mode AFM, no difference is found between the two modes of AFM in ranking the nanofiltration membranes with re
their surface roughness. NTR 7450 and NF-PES-10 are the smoothest membranes, while the roughest surface can be found with
and Desal 5DL. UTC-20 and N30F are characterized by an intermediate roughness value. An increase in roughness with incre
area is observed for both AFM modes. Larger differences between the roughnesses of the membranes are obtained with tapping
because of the tapping of the tip on the surface. Phase imaging is an extension of tapping mode AFM, measuring the phase shift b
cantilever oscillation and the oscillation of the piezo driver. This phase shift reflects the interaction between the cantilever and the m
surface. A comparison with contact angle measurements proves that a small phase shift corresponds to a large contact angle, re
hydrophobic membrane surface.
 2005 Elsevier Inc. All rights reserved.
Keywords: Nanofiltration; Tapping mode AFM; Noncontact AFM; Phase imaging; Contact angle; Surface roughness
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1. Introduction

Nanofiltration is a promising technique for drinkin
water production from surface water and ground water.
main problem in using membrane technology is fouli
which results in an undesirable flux decline[1–3]. Fouling is
partly due to suspended particulate matter. This type of f
ing is very complex and is influenced by different parame
related to the solution itself (e.g., ionic strength and coll
* Corresponding author. Fax: +32-16-32-29-91.
E-mail address: katleen.boussu@cit.kuleuven.ac.be(K. Boussu).
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concentration), but the surface morphology of the memb
also plays a crucial role.

According to Elimelech and co-workers[4–7], colloidal
fouling can be correlated with the surface roughness
nanofiltration and reverse osmosis membranes. Their ex
ments showed that the permeate flux of the rougher com
ite polyamide membranes was substantially lower than
permeate flux of the smoother cellulose acetate membra
This was explained by atomic force microscopy (AFM) i
ages showing that in the initial stages of fouling, the c

loidal particles preferentially accumulated in the “valleys” of
rough membranes, resulting in “valley clogging” and hence
in a more severe flux decline.

http://www.elsevier.com/locate/jcis
mailto:katleen.boussu@cit.kuleuven.ac.be
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Also, in the concentration of apple and pear juices
nanofiltration, Warczok et al.[8] concluded that smoothe
membranes showed a lower yield of irreversible foul
of yeast particles. However, no correlation between pa
cle fouling and membrane roughness was found by Van
Bruggen et al.[9]: experiments seemed to support the
sumption that particle fouling is mainly determined by t
hydrophobicity of the membranes.

In the case of filtrating a dilute NaCl solution, Hiro
et al. [10] found that an approximately linear relationsh
existed between the surface roughness of reverse osm
membranes and the membrane flux. In this case the
layer unevenness is regarded as an enlargement of th
fective membrane surface area.

Research in the past years has demonstrated the pow
AFM for studying colloidal fouling. AFM probes the su
face of a sample with a sharp tip, located at the free en
a cantilever[11,12]. Forces between the tip and the sam
surface cause the cantilever to bend. This cantilever de
tion is detected optically by focusing a laser beam onto
back of a reflective cantilever. As the tip scans the surfac
the sample, moving up and down with the contour of the
face, the laser beam is deflected off the attached canti
into a dual element photodiode (the beam-bounce meth
This photodetector measures the difference in light in
sities between the upper and lower photodiodes and
converts this signal into a voltage. This method enable
computer to generate a three-dimensional map of the su
topography.

There are three commonly used AFM techniques: con
mode, noncontact mode, and tapping mode. Incontact mode,
the tip scans the sample in close contact with the surf
This means that the interatomic force between the sam
and the tip is repulsive, with a typical value of 10−7 N. Prob-
lems with contact mode are caused by excessive trac
forces applied to the sample by the probe. Therefore,
tact mode AFM cannot be applied to soft surfaces, suc
polymeric membranes.

In situations where tip contact might alter the samp
noncontact mode is used. In this mode the tip moves abo
50–150 Å above the sample surface. Attractive interato
forces between the tip and the sample are detected, and
graphic images are constructed by scanning the tip ab
the surface. The attractive forces from the sample are, h
ever, substantially weaker (10−13 N) than the forces used i
contact mode. Therefore the cantilever is driven to vibr
near its resonant frequency by means of a piezoelectri
ement and changes in the resonant frequency as a res
tip–surface force interaction are measured (dynamic de
tion method). Problems with noncontact mode can be ca
by a contaminant layer (present on the sample), which in
feres with the cantilever oscillation and results in low re
lution.
Tapping mode AFM allows high-resolution topographic
imaging of sample surfaces by alternately bringing the tip
into contact with the surface to provide high resolution and
terface Science 286 (2005) 632–638 633
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then lifting it off the surface to avoid dragging the tip acro
the surface. Tapping mode imaging is again implemen
by oscillating the cantilever assembly at or near the c
tilevers resonant frequency using a piezoelectric crystal.
piezo motion causes the cantilever to oscillate with a la
amplitude (typically greater than 20 nm) when the tip
not in contact with the surface. The oscillating tip is th
moved toward the surface until it begins to gently touch
tap the surface. During scanning, the vertically oscillat
tip alternately contacts the surface and lifts off, generall
a frequency of 50,000–500,000 cycles per second. As
oscillating cantilever begins to intermittently contact the s
face, the cantilever oscillation is reduced due to energy
caused by the tip contacting the surface. The reductio
oscillation amplitude is used to identify and measure sur
features.

A powerful extension of tapping mode AFM isphase
imaging. As mentioned above, in tapping mode AFM, t
cantilever is excited into resonance oscillation with a pie
electric driver and the oscillation amplitude is used as a fe
back signal to measure topographic variations of the sam
surface. In phase imaging, the phase shift of the cantil
oscillation, relative to the signal sent to the cantilever’s pi
driver, is simultaneously monitored and recorded. This ph
shift is very sensitive to local variations in the material pro
erties.

One of the advantages of AFM is that it allows imaging
insulators and semiconductors as well as electrical con
tors. That is why AFM has a lot of applications[13], such
as analyzing ionic crystals, DNA and RNA[14,15], and red
blood cells[16]. AFM has also been used to study the rou
ness of polymeric[17–31]and ceramic membranes[32,33].
For ultrafiltration and microfiltration membranes AFM c
be used not only to measure the roughness, but also to s
the size and the shape of pores on the surface[18–20,23–25,
27,29,30]. For the smaller pores of nanofiltration and reve
osmosis, however, great care is needed in the interpret
of pore diameters (obtained by AFM) because of convo
tion effects between the tip and the pore[21,22]. Another
application of AFM in the membrane field is the direct me
surement of the force of adhesion between a particle (suc
silica or polystyrene) and the membrane surface by imm
lizing the particle at the end of the cantilever. This can b
great benefit to membrane technologists, as it makes it
sible to predict fouling without process measurements[22,
24,34].

Although AFM is widely used to characterize mem
branes, it is very difficult to compare different measu
ments. In the literature one finds roughness values
tained by several modes of AFM (mentioned or no
determined for different scan areas (mentioned or n
A detailed and systematic comparison between diffe

AFM modes and between different scan areas has not
been presented before. Phase imaging has never been stud-
ied.
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The aim of this paper is to study the influence of
AFM mode and the influence of the size of the scan a
on the roughness values obtained for six different nan
tration membranes. AFM phase imaging is presented
reliable alternative for contact angle measurements. C
cerning particle fouling, this study forms the basis to fi
a potential correlation between the membrane performa
and the roughness in future experiments.

2. Materials and methods

Six nanofiltration membranes were studied: UTC
(Toray Ind), Desal 5DL (Osmonics), Desal 51HL (Osmo
ics), N30F (Nadir), NTR 7450 (Nitto-Denko), and NF-PE
10 (Nadir). The characteristics of the membranes are s
marized inTable 1. The MWCO (molecular weight cut-off
of the different membranes (given by the manufactu
is checked by doing cross-flow filtration experiments w
a mixture of polyethylene glycols. These experimenta
obtained cut-offs, together with the MWCO of the man
facturers, are also mentioned inTable 1. It seems that the
MWCO (measured with the polyethylene glycol) acco
well with the data of the manufacturer, except for N3
NF-PES-10, and NTR 7450. N30F and NF-PES-10, see
have larger pores (respectively 580 Da instead of 400 Da
1200 Da instead of 1000 Da). On the other hand, the pore
NTR 7450 are much smaller than stated by the manufac
(310 Da instead of 600–800 Da).

Noncontact AFM was performed with a M5 AFM sy
tem (Park Scientific Instruments, currently VEECO). T
cantilever was made out of Si with a spring constant
3.2 N/m and a nominal tip apex radius of 10 nm. After sc
ning, the images were flattened with order 2. This imp
that a least-squares fit is made to the data in the scanne
gion using a second-order polynomial; the resulting bes
is then subtracted from the image. Flattening was don

remove curvature and slope from an image. After flattening,

a MWCO: MWCO of the membranes as given by the manufacturer.
b MWCO: MWCO of the membranes as experimental obtained by using a
terface Science 286 (2005) 632–638
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deviation of the data,

(1)Rrms=
√∑N

n=1(zn − z̄)2

N − 1
,

wherez̄ is the average of thez values within the given area
zn is the currentz value, andN is the number of data point
within the given area. Other definitions can also be use
characterize the roughness, such as the mean roughnes
mean value of the surface relative to the center plane
the peak-to-valley distance (the distance between the h
est data point and the lowest data point of the surfa
However, these definitions are less accurate than the R
roughness. In the peak-to-valley distance only two po
of the scanned surface (namely the highest and the low
are taken into account, which is not very representativ
the whole surface. A comparison between the RMS and
mean roughness shows that the latter takes less accou
the variations of the low frequencies. Hence the RMS rou
ness is the most accurate and will be used in the rest of
paper.

Tapping mode AFM images, as well as AFM phase
ages, were obtained with a Nanoscope III scanning p
microscope (Digital Instruments, Santa Barbara, Californ
The SPM probe used was a SiO2 noncontact SPM prob
(Nanosensors) with a spring constant of 40 N/m, a resonan
frequency of 190 kHz, and a typical radius of 10 nm. A
ter scanning, the images were flattened with order 2 and
RMS value of the roughness was calculated by Eq.(1). The
RMS value was also calculated for the phase shiftΘrms by
the equation

(2)Θrms=
√∑N

n=1(θn − θ̄ )2

N − 1
,

whereθ̄ is the average of theθ values within the given area
θn is the currentθ value, andN is the number of data point
within the given area.

For noncontact AFM, as well as for tapping mode AF

the analyses were executed on a dry sample in an atmosphere

wo
st of
the RMS roughness (root-mean-squared roughness) was cal-
culated. The RMS roughnessRrms is given by the standard

with relative humidity 32%. Measuring a dry sample has t
advantages compared to measuring a wet surface. Fir

Table 1
Characteristics of the nanofiltration membranes

Membrane

Desal 5DL Desal 51HL UTC-20 N30F NTR 7450 NF-PES-010

MWCOa (Da) 150–300 150–300 180 400 600–800 1000
MWCOb (Da) 250 300 160 580 310 1200
Max temp. (◦C) 90 50 35 95 40 95
Max pressure (bar) 40 40 15 – 30 –
pH range 1–11 3–9 3–10 0–14 2–14 0–14
Composition
toplayer

Cross-linked
aromatic polyamide

Cross-linked
aromatic polyamide

Polypipera-
zineamide

Permanently hydrophilic
polyether-sulfone

Sulfonated
polyether-sulfone

Permanently hydrophilic
polyether-sulfone
mixture of polyethylene glycols.
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all, it is easier to make a distinction between a hydrop
bic and a hydrophilic surface by measuring a dry surf
(with a hydrophilic tip). On a hydrophilic dry surface, th
relative humidity will deliver an additional capillary force
which will not be present on a wet surface. Because
the absence of the capillary force in measuring a wet
face, it is not possible to distinguish between a hydropho
and a hydrophilic surface. The second reason for ch
ing a dry surface is the measurement time measuring a
surface takes 5–10 times longer than measuring a dry
face.

In all cases, the roughness and the phase shift were
sured for five different scan areas: 0.5×0.5 µm2, 1×1 µm2,
3× 3 µm2, 5× 5 µm2, and 10× 10 µm2. The first scan was
always made for the largest area (10×10 µm2) and then this
area was reduced till the smallest area of 0.5× 0.5 µm2 was
reached. In the case of noncontact AFM, each measure
was done three times to obtain a mean value of the R
roughness. The standard deviation of the different meas
ments was small, ranging from 0.8 Å on the smooth surfa
to 6.2 Å on the rough surfaces. Hence, the distribution
the roughness values were small, indicating that the re
are reproducible.

Contact angle measurements were performed with a D
10 Mk2 drop shape analysis system (Krüss) in a three-p
system consisting of the membrane surface, air, and a
of water. The sessile drop method was chosen and the
tact angle was measured in an equilibrium mode. This me
that a droplet of water is placed on the membrane surf
after which the contact angle between the droplet and
membrane surface is calculated by the computer prog
In the case of a hydrophilic surface the droplet of water w
spread out over the surface, resulting in a small contac
gle; the opposite is true in the case of a hydrophobic surf

Each contact angle was measured 10–15 times and an ave

5× 5 µm2 23 25 41
10× 10 µm2 32 35 49
terface Science 286 (2005) 632–638 635
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3. Results and discussion

3.1. Roughness measurements with noncontact AFM and
tapping mode AFM

The roughness measurements obtained with nonco
AFM and tapping mode AFM are given inTables 2 and 3, re-
spectively. From these results it appears that the scanned
plays a significant role: the larger the scanned area, the la
the roughness.Fig. 1illustrates this effect for the nonconta
AFM images of the Desal 5DL membrane for four differe
membrane areas. The phenomenon of increasing rough
with increasing scan area can be related to the dependen
the roughness on the spatial wavelength of the scanned
or the frequency. For a small surface area, only the rou
ness of the “higher” frequencies is measured. When a la
surface area is scanned the roughness caused by add
lower frequencies also has to be taken into account. Thi
sults in a larger roughness value when a larger surface
is scanned. Another explanation for the increasing rough
with increasing scan size may be the formation of a fra
structure on the membrane surface when polymers are
sembled to nodules or aggregates of nodules. So, whe
scan size is changed, it is possible to get a different sur
topography, resulting in a different roughness. Therefor
is crucial that the same scan size range is used when
paring the surface roughness for different samples.

For noncontact AFM, as well as for tapping mode AF
the arrangement of the six membranes according to their
face roughness is the same,

NTR 7450< NF-PES-10< N30F < UTC-20 < Desal
51HL < Desal 5DL, with NTR 7450 the smoothest me
brane.

Figs. 2 and 3show noncontact and tapping mode AF

r-images, respectively, of a very smooth membrane (NF-PES-

an

DL

DL
age value was calculated. The contact angle of the wet, clean
membrane was determined for all membranes.

10) and a very rough membrane (Desal 5DL) taken for
area of 3× 3 µm2.

Table 2
Roughness measurements (in Ångström) with noncontact AFM for different areas (0.5× 0.5 µm2, 1× 1 µm2, 3× 3 µm2, 5× 5 µm2, and 10× 10 µm2)

Area NTR 7450 NF-PES-10 N30F UTC-20 Desal 51HL Desal 5

0.5× 0.5 µm2 8 8 13 22 26 52
1× 1 µm2 9 13 25 26 30 57
3× 3 µm2 15 24 34 46 59 98
5× 5 µm2 18 27 39 48 62 109
10× 10 µm2 31 38 55 68 112 128

Table 3
Roughness measurements (in Ångström) with tapping mode AFM for different areas (0.5× 0.5 µm2, 1× 1 µm2, 3× 3 µm2, 5× 5 µm2, and 10× 10 µm2)

Area NTR 7450 NF-PES-10 N30F UTC-20 Desal 51HL Desal 5

0.5× 0.5 µm2 5 8 9 20 37 68
1× 1 µm2 7 11 16 28 59 108
3× 3 µm2 21 22 39 56 64 132
48 93 139
88 118 147
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Fig. 1. Noncontact AFM images of Desal 5DL for four different scan a
Z-scale is always 995 Å.

Fig. 2. Noncontact AFM images of (a) NF-PES-10 and (b) Desal 5DL. N
that theX andY dimensions are both 3 µm, while theZ-scale is 995 Å.

The roughness values are very different for the
nanofiltration membranes, varying from 8 to 52 Å in no
contact mode and from 5 to 68 Å in tapping mode fo
scanned area of 0.5 × 0.5 µm2. This implies that the dif-
ference between the smoothest membrane and the rou
membrane is the largest in tapping mode AFM (63 Å ver
44 Å in non-contact mode).

Fig. 4 compares roughnesses obtained in noncon
AFM and in tapping mode AFM for a scanned area
0.5 × 0.5 µm2 for the six nanofiltration membranes, t
gether with the bisector of the graph. The data points for

smoother membranes are located under the bisector, mean
ing that the roughness measured in tapping mode is smalle
than in noncontact mode. The opposite is observed for the
(a) 05× 0.5 µm2, (b) 1× 1 µm2, (c) 5× 5 µm2, (d) 10× 10 µm2. Note that the

st

Fig. 3. Tapping mode AFM images of (a) NF-PES-10 and (b) Desal 5
Note that theX and Y dimensions are both 3 µm, while theZ-scale is
200 nm.

rougher membranes Desal 51HL and Desal 5DL. So tap
mode AFM results in a larger contrast between the rou
nesses of the membranes. Similar conclusions can be d
for the other scanned areas.

This phenomenon is intrinsic to the method of measu

-

r
roughness in tapping mode AFM. In tapping mode the tip
(attached to the cantilever) taps the scanned surface in con-
trast to noncontact AFM, where the distance between the tip
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Table 4
RMS of the phase shift measurements (in◦) with tapping mode AFM for different areas (0.5× 0.5 µm2, 1× 1 µm2, 3× 3 µm2, 5× 5 µm2, and 10× 10 µm2)

Area N30F NTR 7450 NF-PES-10 Desal 5DL UTC-20 Desal 51

0.5× 0.5 µm2 0.91 1.32 1.65 1.67 – 4.57
1× 1 µm2 0.93 1.35 2.87 2.48 2.16 4.44
3× 3 µm2 1.83 2.27 3.02 3.57 4.10 6.63

2
5× 5 µm 2.96 3.18 2.83 3.74 7.96 2.94
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10× 10 µm2 3.55 5.22 6.78

Note. – : no data available.

Fig. 4. Comparison between the roughness measured in noncontact
and the roughness measured in tapping mode AFM for an are
0.5× 0.5 µm2.

and the surface is approximately 100 Å. When a contamin
layer (e.g., a few monolayers of condensed water) cover
surface, an AFM operating in tapping mode penetrates
layer to image the underlying surface. In noncontact mo
however, the AFM tip cannot penetrate the water layer
hence it will image the surface of the water layer. This
sults in a smaller difference between the roughnesses o
different nanofiltration membranes in noncontact AFM.

3.2. Phase shift measurements with tapping mode AFM

Using tapping mode AFM, the phase shift can be m
sured simultaneously. The phase shift is derived from
difference in phase angle between the freely oscillating c
tilever in air and the cantilever oscillation during scanni
The phase scaling convention is based on the freely
onating cantilever in air. The phase shift is zero when th
is no interaction between the tip or the cantilever and
sample surface. However, in the case of a tip–sample in
action, a phase lag is induced if the interaction is attrac
and a phase advanced appears if the interaction is re
sive. Areas in a phase image exhibiting a phase lag
respect to the free oscillation are shown darkened; reg
of advanced phase are lightened.Fig. 5 represents a two
dimensional phase image of the NF-PES-10 membrane
the Desal 51HL membrane taken for an area of 3× 3 µm2.

The results of the measured RMS phase shifts for the
ferent membranes and for the different scanned area

represented inTable 4. From this table it becomes clear that
the six membranes can be divided into two groups. The first
group consists of the membranes made of polyethersulfone
6.49 6.64 9.50

-

Fig. 5. Phase images of (a) NF-PES-10 and (b) Desal 51HL for an ar
3× 3 µm2.

(N30F, NTR 7450, and NF-PES-10), which have a sma
interaction with the tip, resulting in a small phase shift. Mo
interaction (and hence larger phase shifts) occurs betw
the tip and the membranes made of polyamide (Desal 5
Desal 51HL, and UTC-20), which form the second group

Because the experiments were carried out with a
drophilic silicon tip, one can observe whether the inter
tion between the tip and the sample is hydrophilic or
drophobic. A hydrophilic surface interacts strongly with
hydrophilic tip, resulting in a large phase shift. A hydroph
bic surface does not interact very strongly with a hydroph
tip, resulting in a small phase shift. Consequently one
divide the six membranes in two groups with respect

their surface hydrophobicity. The more hydrophobic group
consists of the membranes with the smaller phase shifts
(N30F, NTR 7450, and NF-PES-10), while the hydrophilic
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Table 5
Contact angles (in◦) measured for the six nanofiltration membranes

Membrane Contact angle (◦)

UTC-20 36.4± 7.7
Desal 5DL 43.8± 2.5
Desal 51HL 47.1± 8.3
NTR 7450 69.6± 5.9
NF-PES-10 72.1± 3.7
N30F 88.4± 1.9

Fig. 6. Comparison between the phase shift (measured in tapping
AFM) and the contact angle for an area of 3× 3 µm2.

group contains the other three membranes (Desal 5DL,
sal 51HL, and UTC-20), with the larger phase shifts.

These phase shifts can be compared with the meas
contact angles inTable 5. Contact angles are an accept
method for determining the hydrophobicity of a surface
the sense that a larger contact angle corresponds to a
hydrophobic material.

The contact angles are compared with the phase s
for the different nanofiltration membranes inFig. 6. These
results indicate that a large contact angle corresponds
small phase shift. The only exception to this is the De
51HL membrane, which shows a very large phase shift
all the scanned areas) compared to the contact angle. Th
dicates that a very strong specific interaction occurs betw
the hydrophilic silicon tip and the Desal 51HL membra
resulting in a very large phase shift.

4. Conclusions

Noncontact AFM and tapping mode AFM both pred
the same order of surface roughness. However, a compa
between different membranes and different AFM mode
only valid when considering the same surface area.

Although tapping mode AFM is more time-consuming
gives more realistic results than noncontact AFM. An ad
tional advantage of tapping mode AFM is the simultane

measurement of the phase shift, a valuable alternative for the
contact angle to study the hydrophobicity of the surface.
terface Science 286 (2005) 632–638
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