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A B S T R AC T

Physical aspects of dynamic hysteresis for characterizing reverse osmosis (RO) membranes 
have been investigated. Dynamic hysteresis was used as a parameter of showing physical 
surface characteristics of RO membranes. Automated microbalance was utilized to determine 
dynamic hysteresis based on the Wilhelmy plate method. Dynamic hysteresis determined with 
non-polar liquid was related to physical surface characteristics including surface roughness 
and heterogeneity determined by atomic force microscopy imaging and analysis. A remarkable 
correlation between dynamic hysteresis and surface heterogeneity was obtained when non-
polar liquid was used during the measurements. Dynamic hysteresis increased as the surface 
heterogeneity of RO membrane increased.
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1. Introduction

Reverse osmosis (RO) membranes are currently 
being used in a wide range of applications, including 
brackish/seawater desalination, drinking water treat-
ment, and wastewater reuse. Effi cient application of RO 
membranes in various water treatments is often limited 
due to membrane fouling. In case of RO membranes, 
membrane fouling is surface phenomenon as RO mem-
branes are considered to be non-porous. Therefore, sur-
face characteristics of RO membranes are one of the key 
factors affecting membrane fouling. In addition, other 
factors affecting membrane fouling such as foulant 
characteristics and feed water solution chemistry are 
rather natural factors with having diffi culty in han-
dling. With these reasons, there have been various 

efforts to elucidate the relationship between the sur-
face characteristics of RO membrane and the extent of 
membrane fouling [1–7]. Consequently, there has been 
a great improvement in membrane fabrication technol-
ogy, especially in surface modifi cation, where mem-
brane surface properties have been tailored toward 
reducing membrane fouling as well as enhancing 
permeation [8–13].

Surface property of RO membranes affecting mem-
brane fouling includes both chemical and physical 
characteristics. The latter most includes surface rough-
ness commonly determined by image analysis using 
atomic force microscopy (AFM). In addition, morpho-
logical surface heterogeneity (i.e., heterogeneity in the 
distribution of peak and valley structures) belongs to 
physical surface characteristics [14]. Based on these 
surface characteristics and their relation to membrane 
fouling, it has been known that membranes with less 
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rough surface are favorable to reducing membrane 
fouling caused by particulate and organic matters 
[1,3,4,7,15–17]. In practical point of view, however, 
these characterization methods are time and money 
consuming because the equipments are hard to manip-
ulate and expensive. Furthermore, hydrophobicity, 
roughness, and heterogeneity are showing diffi culty 
in interrelating experimental data obtained from each 
measurement. Therefore, developing simple and reli-
able techniques to determine membrane surface char-
acteristics is of paramount importance in membrane 
fouling study.

With this goal, surface characterization based on 
dynamic hysteresis analysis was investigated. In this 
study, dynamic hysteresis was adopted to determine 
various surface characteristics of RO membranes, and 
the hysteresis data were physical surface characteristics 
including surface roughness, morphological heterogene-
ity, and hydrophobicity. Based on the results obtained in 
this study, it is expected that the surface characteristics 
of RO membranes determined by the dynamic hyster-
esis analysis are informative for further investigation on 
the relationship between dynamic hysteresis and mem-
brane fouling.

2. Material and methods

2.1. Reverse osmosis membranes

Four commercial seawater RO membranes were 
used. The RO membranes were RE-8040 (WJ chemi-
cal), SW-30HR (Dow chemical), TM-820 (Toray), and 
SWC-5 (Hydranautics). All membranes were polyamide 
thin fi lm composite (TFC) membranes with an average 
salt rejection over 99.5%. General property of the mem-
branes in terms of contact angle and surface roughness 
was determined and listed in Table 1. The membranes 
were immersed in deionized (DI) water at 4°C with 
water replaced regularly. Prior to each analysis, the 
membranes were put into 25°C DI water for 2 h as all 
the instrumental analyses in this study were carried out 
at 25°C.

2.2. Mica sheet

Mica sheet is a layered aluminosilicate mineral hav-
ing one intrinsic negative surface charge per 48 Å2. This 
is because of isomorphous substitution of aluminium for 
silicon. Unlike glass, mica sheet does not have any sur-
face silanol groups. Instead, high negative mica charge 
provides an electrostatic anchoring of cationic surfac-
tants which can be utilized for modifying the mica sheet 
surface.

2.3. Solution chemistry

Non-polar (i.e., diiodomethane) liquids were used 
as test solutions during the hysteresis measurements. 
In case of using the non-polar liquid, the dynamic hys-
teresis data were related to the physical surface charac-
teristics such as surface roughness and heterogeneity. 
When relating the dynamic hysteresis data to other 
surface characteristics, the same solution chemistry was 
employed for direct comparison. Solution pH was var-
ied as needed using 0.1 M HCl or NaOH stock solutions. 
Solution TDS was adjusted using NaCl.

2.4. Dynamic hysteresis

Dynamic hysteresis was determined based on the 
Wilhelmy plate method [18–23]. During the measure-
ment, a membrane sample was held by the automated 
microbalance, then pushed into or pulled from a test 
liquid. Therefore, the measured force acting on the 
membrane sample alternates depending on direction of 
the movement. The force acting on the membrane sam-
ple when pushing into the test liquid is the advancing 
force (FA), while pulling from the test liquid is the reced-
ing force (FR). These advancing and receding forces are 
defi ned as Eqs. (1) and (2), respectively [24,25].

= +A AcosF W Pγ θ  (1)

= +R RcosF W P Bγ θ −  (2)

where, W is the weight of membrane  sample, P the 
perimeter of membrane sample, g the surface tension of 
test liquid; qA and qR the advancing and receding con-
tact angles between test liquid and membrane sample, 
respectively, and B the buoyancy force. Since the instru-
ment automatically tares the weight of membrane sam-
ple the effect of the buoyancy force can be eliminated by 
extrapolating the graph back to zero depth of immer-
sion. The difference between the receding and advancing 
forces can be defi ned as dynamic hysteresis as expressed 
in Eq. (3) [21,26–28].

= A RDynamic hysteresis F F
P P

−
 

(3)

Table 1
Average concentration of heavy metals in the infi ltration 
splash block and rain garden (Feb. 2008).

Membrane Contact angle (°) Roughness (nm)

TM-820 79.0  77.5
RE-8040 73.6  82.1
SWC-5 72.4 127.4
SW-30HR 24.0  87.3



E. Lee et al. / Desalination and Water Treatment 18 (2010) 257–263 259

Here, the measured F is divided by membrane sample 
perimeter (P) to express the dynamic hysteresis as force 
per unit length (F/L, mN/m) [28]. In graphical analy-
sis, the dynamic hysteresis is the vertical width between 
parallel advancing and receding force lines in F/L (y 
axis) versus moving distance (x axis) relationship [28].

The measurements were carried out using a Sigma 701 
microbalance (KSV Instrument, Ltd., Finland) interfaced 
with a PC for automatic control and data acquisition. It 
was operated by holding a membrane sample attached 
to microbalance vertically. A liquid cell containing a test 
liquid moved up and down at constant speed rate repeat-
edly during the measurements. All parameters employed 
during the hysteresis measurements are listed in Table 2. 
The surface tension of test liquids was measured at each 
time by the Force Du Nouy ring method at 25°C [28]. The 
ring was rinsed by ethyl alcohol prior to the measure-
ment. More details on the way of using the instrument 
were described well previously [28].

2.5. Contact angle

Contact angle measurements were performed with a 
goniometer (DM 500, Kyowa Interface Science, Japan). 
Equilibrium contact angle measurements as described 
by Marmur [29] were adopted. Equilibrium contact 
angle was the average of the left and right contact angles. 
Ten measurements for each membrane were performed. 
The reported values are the average of 10 equilibrium 
contact angles.

2.6. Surface roughness and heterogeneity

Membrane surface roughness was analyzed by AFM 
imaging (PUCOStation AFM, Surface Imaging Systems, 

Herzogenrath, Germany). Liquid phase AFM imaging 
was conducted in contact mode with silicon probes of 
which backside had 30-nm thick aluminum refl ex coat-
ing for better resolution and stability in liquid phase 
applications (APPNANO, Applied Nano Structures, 
Inc., Santa Clara, CA). The probe has a spring constant 
of 0.1 N/m (±0.08 N/m), resonance frequency of 28 kHz 
(±10 kHz), tip radius of 5–6 nm, tip height of 14 µm 
(±2 µm), and cantilever length of 225 µm (±10 µm). 
The RO membranes were immersed in a liquid cell 
containing pre-adjusted test solution in terms of pH 
and TDS.

All membranes were scanned three times with ran-
domly selecting a scan position. Membranes surface 
roughness was quantifi ed by root mean square (RMS) 
roughness, which is the RMS deviation of the peaks and 
valleys from the mean plane. Approaching force ranged 
from 4.0 to 6.0 N/m with a scan speed of 0.7 line/s 
and scan area of 10 × 10 µm2. Scanned images were ana-
lyzed using SPIP software (Surface Imaging Sys tems, 
Herzogenrath, Germany). Each image was fl attened 
by a baseline prior to roughness analyses. In addition, 
surface morphological heterogeneity was determined 
from scanned images by calculating the density of 
summit that refl ects the heterogeneity in the distribu-
tion of peak and valley structures on the membrane 
surface [30].

3. Results and discussions

3.1. Quantifi cation of dynamic hysteresis

For comparison, a mica sheet was chosen as a stan-
dard smooth surface test sheet. Mica sheet is a layered 
aluminosilicate mineral having one intrinsic negative 
surface charge per 48 Å and also known for its smooth 
surface. To test the heterogeneity, the mica sheet was 
tested with four different RO membranes using the 
dynamic contact angle analyzer. Fig. 1 shows the val-
ues of the tested mica sheet and different membranes. 
As shown in Fig. 1, dynamic hysteresis value varies 
signifi cantly with respect to the applied surface. Mica 
sheet was used as a representative homogeneous sur-
face. It is clearly shown in Fig. 1 that dynamic hyster-
esis for mica sheet is nearly zero (i.e.,advancing and 
receding forces are similar), while much greater than 
zero (i.e., advancing and receding forces are different) 
for the RO membranes tested. Establishing the mica 
sheet value as a standard, the four membrane dynamic 
hysteresis values could be shown in actual values. 
Based on the results, a standard baseline for the hyster-
esis can be established.

Table 2
Experimental parameters for dynamic hysteresis 
measurements.

Parameter Value

Speed up (mm/min)  5.0
Speed down (mm/min)  5.0
Wait when up (s)  0
Wait when down (s)  0
Start depth (mm)  2.0
Immersion depth (mm) 10.0
Ignore fi rst (mm)  2.0
Return position (mm)  4.0
Reset speed (mm/min) 40.0
Sample interval (s)  5.0
Detect range (mN/m)  5.0
Number of repeat  5
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3.2. Physical aspects of dynamic hysteresis

3.2.1. Surface roughness and dynamic hysteresis

Surface roughness of the membranes was deter-
mined based on AFM imaging and analysis. The RMS 
roughness values and AFM images of each membrane 
are shown in Table 1 and Fig. 2, respectively. As listed 
in Table 1, the RMS roughness was different for each 
membrane (i.e., SW-30HR > SWC-5 > TM-820 > RE-8040). 
In addition, as shown in Fig. 2, the distribution of peak 

and valley structures is also different for each membrane 
(i.e., morphological surface heterogeneity). Details on 
the surface heterogeneity and its relation to dynamic 
hysteresis will be discussed in the following section.

3.2.2. Relationship between the roughness and the 
dynamic hysteresis

Fig. 3 shows the relation between the RMS roughness 
and the dynamic hysteresis values. The RMS roughness 
of the four membranes was determined based on the 
AFM analysis and also shown in Table 1, respectively. 
Also dynamic hysteresis values are acquired from Fig. 1 
for comparison. As seen in the fi gure, the SW-30HR 
membrane shows the highest RMS roughness with the 
lowest dynamic hysteresis while the RE-8040 mem-
brane shows lower RMS and higher dynamic hyster-
esis values. Based on these results it can be accounted 
for that there was no substantial correlation between 
the dynamic hysteresis and the surface roughness. This 
observation is attributed to the fact that average rough-
ness does not refl ect the distribution of peak and valley 
structures. Therefore, dynamic hysteresis is assumed 
to be rather related to the morphological surface het-
erogeneity than the average surface roughness. The 
verifi cation of this assumption will be made in the fol-
lowing section.
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Fig. 1. Quantifi cation of dynamic hysteresis.

Fig. 2. Liquid phase contact mode AFM images of (a) TM-820, (b) SW-30HR, (c) SWC-5, and (d) RE-8040. Note that the X and 
Y dimensions are both 10 µm, while the Z-scale is 200 nm
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3.2.3. Surface heterogeneity and dynamic hysteresis

In this study, the density of summit was used as a 
parameter to show the physical surface heterogene-
ity. Density of summit is defi ned as the number of local 
maximums per unit area where the unit of 1/µm2 is 
employed [31]. Therefore, the degree of heterogeneity 
in the distribution of the peak and valley structures of 
the membrane surface can be quantifi ed by the density 
of summit (i.e., the higher the density of summit, the 
more the heterogeneous surface). The relation between 
the surface heterogeneity and the dynamic hysteresis for 
each membrane is shown in Fig. 4. If the surface is uni-
form in roughness as the fi gure on the left, the advancing 
and receding forces will be equal making an even force 
hysteresis. When the surface has a non-uniform distri-
bution of peak and valley structure, force hysteresis is 
induced during the dynamic movements at the liquid-
solid interface as shown in Fig. 4. So it may be noted that 
the surface heterogeneity for each membrane does not 
correspond to the surface roughness (i.e., TM 820 was the 
highest in the density of summit but the lowest in the 
surface roughness). Fig. 5 shows the relation between the 
dynamic hysteresis and the surface heterogeneity. Here it 
can be seen that the dynamic hysteresis is loosely related 
to the morphologi al heterogeneity of the membrane sur-
face compared to the relations with the average rough-
ness in Fig. 3.

The non-polar liquid was used during the measure-
ments. A remarkable correlation was obtained between 
the surface heterogeneity and the dynamic hysteresis 
for the membranes investigated. The dynamic hyster-
esis increased as the surface heterogeneity increased. 
This implies that non-uniform distribution of peak and 
valley structures on the membrane surface causes the 
force hysteresis during the dynamic movements in the 
liquid–solid interface. Therefore, the dynamic hysteresis 
can be a reliable parameter in determining the morpho-
logical heterogeneity of the membrane surface. It may 
be noted that the surface heterogeneity for each mem-
brane does not correspond to the surface roughness 
(i.e., TM 820 was the highest in the density of summit but 
the lowest in the surface roughness). This also explains 
the poor correlation between the surface roughness and 
the dynamic hysteresis observed in the previous section. 
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Fig. 4. Schematic illustration of the relationship between 
dynamic hysteresis and surface heterogeneity.
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The results obtained above showed that the physi-
cal surface characteristics of RO membranes could be 
investigated by dynamic hysteresis with employing 
non-polar liquid during the measurements. In the con-
crete, dynamic hysteresis was related to physical sur-
face heterogeneity (i.e., the density of summit), where 
the non-polar liquid was used to minimize the inter-
ference by chemical surface characteristics in Fig. 6. 
To see how the chemical surface characteristics affect 
the physical surface characteristics, the interference of 
chemical surface characteristics with physical surface 
characteristics was minimized during the measure-
ments as shown in Fig. 6.

4. Conclusion

A systematic investigation on the use of dynamic hys-
teresis for characterizing RO membranes was performed. 
Emphasis was placed on physical aspects of dynamic 
hysteresis. Surface characteristics of four commercial TFC 
RO membranes were investigated focusing on physical 
(i.e., surface roughness and heterogeneity) characteris-
tics. Measurements of dynamic hysteresis were carried 
out with two different test liquids (i.e., polar and non-
polar). It was shown that dynamic hysteresis could be 
used as a parameter of showing both chemical and physi-
cal surface characteristics of RO membranes investigated. 
Dynamic hysteresis determined using the non-polar 
liquid was remarkably related to the physical surface 
characteristics (i.e., morphological surface heterogene-
ity). For the membranes investigated, the membrane 
with higher surface heterogeneity exhibited the higher 
dynamic hysteresis. The results from this study suggest 
that dynamic hysteresis can be a simple and reliable tool 
for characterizing physical surface characteristics of RO 
membranes.
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