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Effect of Cyclic Changes in Temperature and Pressure
on Permeation Properties of Composite Polyamide
Seawater Reverse Osmosis Membranes

M. F. A. Goosen,1 S. Sablani,2 M. Dal Cin,3 and M. Wilf4
1Office of Research, Alfaisal University, Riyadh, Saudi Arabia
2Department of Biological Systems Engineering, Washington State University, Pullman, WA, USA
3ICPET, National Research Council Canada, Ottawa, Ontario, Canada
4San Diego, CA, USA

The effects of cyclic changes in feed water temperature and
pressure on permeate flux, solute rejection, and compaction in spiral
wound composite polyamide seawater reverse osmosis membranes
were examined with pure water and 4% NaCl solutions. A
membrane permeability hysteresis or memory effect due to the up
and down temperature and pressure sequences was only seen with
the saline water studies. However, the observed changes appeared
to be reversible and were consistent with the Spiegler-Kedem/ Film
Theory and the Kimura-Sourirajan Analysis/ Film Theory models.
The overall results suggest that the net effect on permeance and
solute rejection is the consequence of several interactions with
feed/operating temperatures affecting membrane porosity and
water/solute cluster size, and transmembrane pressure influencing
membrane compaction.

Keywords compaction; cyclic changes in temperature and
pressure; Kimura-Sourirajan analysis=film theory
model; membrane permeability hysteresis; polyamide
RO membranes; Spiegler-Kedem=film theory model

INTRODUCTION

Membrane separation processes are widely used in water
desalination, biochemical processing, industrial wastewater
treatment, food and beverage production, and pharma-
ceutical applications (1–11). Composite polyamide mem-
branes, for example, have been modified with carbon
nanotubes as well as being synthesized on an ultraporous
substrate for applications in pervaporation (12–13).
Membrane lifetime and permeate fluxes are primarily
affected by the phenomena of concentration polarization
(i.e., solute build-up) and fouling (e.g., microbial adhesion,
gel layer formation, and solute adhesion) at the membrane
surface (14–21). Koltuniewicz and Noworyta (22) assessed

the phenomena responsible for limiting the permeate
flux during cyclic operation (i.e., permeation followed by
cleaning). Manttarii et al. (23) investigated the effect of
temperature and membrane pre-treatment by pressure on
the filtration properties of nanofiltration membranes.
While the effect of membrane fouling on flux has received
extensive attention, the effect of feed temperature on
the flux is one area where more research is needed (24,25).

Reverse Osmosis (RO) desalination equipment in hot
and arid regions, such as the Arabian Gulf, must operate
under very high average daytime temperatures. This
contrasts sharply with temperatures in temperate regions,
such as the US, Europe, or Japan, which produce most
commercial reverse osmosis membranes. Operating con-
ditions in these countries are at moderate temperatures.
Air temperatures over 50�C in desalination plants, a con-
dition in many Arabian Gulf countries during the summer,
will result in high feed water temperatures and may lead
to permanent changes within a membrane, as has been
observed by Mantarrii et al. (23) for nanofiltration of
industrial streams at elevated temperatures. Goosen et al.
(6) showed that composite polyamide RO membranes can
be very sensitive to changes in the feed water temperature.
There was up to a 100% difference in the permeate flux
between feed temperatures of 30�C and 40�C.

Combined high temperature and high pressure
operation may cause permanent damage (i.e., compaction)
to RO=UF(ultrafiltration)=NF(nanofiltration) membranes
(24–28). This could take the form of changes in the struc-
ture and morphology of the polymer matrix comprising
the membrane barrier layer. Sizes of pores in the active
layer of polymeric NF membranes can be expected to
depend on the operating temperature and pressure
(26,29,30). Pore size distributions can be derived to
interpret changes in membrane selectivity towards solutes
with temperature and Stokes radius. Vazquez and
Benavente (28) obtained a decrease in the hydraulic
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resistance of regenerated cellulose membranes as a result of
annealing at 60�C. This indicated a more open structure in
the polymer matrix. Chemical degradation was confirmed
with X-ray photoelectromicroscopy. In addition to possible
membrane compaction=morphological effects, leakages
may occur in spiral-wound modules due to pinholes, at
glue lines and at the connections between two elements
(e.g., at the O-rings) (27).

Sharma et al. (26), working with a commercially
available composite polyamide membrane (i.e., DL by
Osmonics), showed that the temperature correction factor
for the flux (normalized to 25�C), valid in the temperature
range 5�T� 41�C, took the form:

Jv;T
Jv;25�C

¼ exp 2918
1

298
� 1

273þ T

� �� �
ð1Þ

where Jv,T is the volume flux at any temperature T (in �C)
and Jv;25�C is the corresponding flux at 25�C. The constant,
2918 units K (kelvin), in Eq. (1) is specific for the polymer
in the membrane barrier and has been termed the
activation energy for flow comprising viscous and other
contributions. Membrane manufacturers employ similar
equations for temperature correction factors of RO mem-
branes (26). Pore size studies have also been performed
with amorphous silica materials (31).

Changes in membrane properties at different pressures
and temperatures can be identified by studying changes in
the permeance (i.e., pressure normalized flux or flux=
transmembrane pressure). Temperature changes will affect
the viscosity of the water, which will influence the per-
meation of water through the membrane. The permeance,
L, (i.e., flux=pressure) may be corrected for temperature
using (32):

LT2 ¼ ðlT1=lT2ÞLT1 ð2Þ

where l is the viscosity of the water at temperature T.
Equation 2 can be used to remove viscosity effects from
the flux measurements. If these effects are the only factors
leading to an increase in flux then the corrected permeance
should not be a function of temperature. The viscosity of
water from 20 to 100�C in centiPoise at temperature T1

may be determined by (32) referenced to a viscosity of
1.002 cP at 20�C:

lT1¼ exp10
1:3272�ð20�T1Þ�0:001053�ðT1�20Þ2

T1þ105ð Þ�1:002
ð3Þ

Changes in the permeance can indicate a change in the
membrane itself or an inadequacy of the viscosity correc-
tion. The viscosity correction assumes that Newtonian flow
still applies at sub nanometer pore dimensions.

Permeances, L, measured with NaCl solutions are cor-
rected for the osmotic pressure of the feed at the wall
and the permeate (26,32):

L ¼ Jv

DP� ðPFW �PPÞ
ð4Þ

where PFW, the osmotic pressure at the membrane wall,
was determined from the y-intercept of Jv vs feed pressure
plots and PP, the osmotic pressure of the permeate, was
determined from conductivity measurements, 4P refers
to the transmembrane pressure.

The main objectives of our study were to assess the
effects of cyclic changes in feed water temperature and
pressure on the permeate flux, solute rejection, and com-
paction in the spiral wound composite polyamide seawater
reverse osmosis membranes. The data was then used to
assess whether flux=solute rejection changes were caused
by reversible=irreversible physical changes in the mem-
brane and=or to changes in the viscosity of the water.
The experimental data was also modelled and membrane
transport parameters were estimated.

EXPERIMENTAL

Equipment

Experiments were carried out using a pilot scale UF=RO
unit (Armfield Ltd, UK) and a 1m long pressure vessel
module (Model 25M 100AL, Hydranautics Inc., USA)
containing a spiral wound membrane element (RO:
SWC1-2540; Hydranautics Inc., USA). The RO membrane
(SWC1-2540) was a composite polyamide with a 0.0508 cm
spacer and a membrane area of 3.066m2. Nominal element
performance, based on manufacturer specifications is: salt
rejection 99.6% (32,000 ppm NaCl), maximum operating
temperature 45�C, maximum applied pressure 1200 psig
(i.e., 83 bar). The membranes were stored in a saline sol-
ution. The elements were rinsed with distilled water for
10 minutes at 20 bar prior to use.

Pressure readings were taken using analogue gauges
attached to the pressure vessel. The pressure drop along
the membrane length was found to increase from 0.1 to
0.3 bar as the pressure at the membrane inlet increased.
The recirculation rate was kept constant at 9 L=min for
the RO experiments (or 540L=hr) when the pressure was
increased.

Two types of feed water solutions were employed—
distilled water and 4% (wt) NaCl for the RO experiments.
All experiments were performed in triplicate.

Temperature and Pressure Effects on Pure Water
Permeance

An initial study was performed with pure water to assess
permeation properties in the absence of concentration
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polarization. Flux measurements were taken at a range of
temperatures and pressures to determine the effect of these
on the flux of the permeate water. For each temperature,
the feed pressure was varied between 20 to 50 bar at
10 bar intervals. The temperature was varied between
20 to 50�C in 10 degree steps. In some experiments the
RO unit was run for 1–2 hours to assess the possibility of
membrane compaction. Flux measurements were taken
by collecting permeate water for two minutes and measur-
ing its’ volume. During a typical two minute period, for
example, 4 L water would be collected. Assuming a
maximum error of � two seconds in the sampling time, this
would result in an error of �0.07L in the volume of the
collected permeate and �2% in the flux readings.

The temperature of the feed water was varied using two
sequences—up: 20�C, 30�C, 40�C, 50�C, and down: 50�C,
40�C, 30�C, and 20�C. At each temperature, the permeate
flux measurements were taken at pressures of 20, 30, 40,
and 50 bar. In some experiments the pressure changes
were also run in an up and down sequence.

Two methods were used to heat the feed water. In the
first, high temperatures were reached by running the system
at 50 bar until the desired temperature was obtained. The
pressure was then reduced to the value for that experiment,
steady state was typically achieved in minutes, before the
permeate rate was measured. With this method for heating
the feedwater, there was some concern about the thermal
equilibrium of the system. Therefore, in later experiments
an electrical heating coil was employed.

The maximum temperature variation during an experi-
ment was �0.5�C. The viscosity corrected permeance was
calculated using Eqs. (2) and (3).

Temperature and Pressure Effects on Permeance in
Reverse Osmosis of 4% Saline Solution

In the studies with saline solutions, a nominal salt
concentration of 4% (w=v) was employed which is roughly
the same concentration as is found in seawater (i.e., 32,000
PPM). For these experiments, due to the high osmotic
pressure of the saline water (i.e., 33.4 bar), only three
pressures (on feed side) could be used, 40, 45, and 50 bar.
The temperature of the feed was maintained using indirect
external heating and cooling. For heating, an electric
resistance coil was used while ice cold water was employed
for cooling. The RO unit was run for 1–2 hours to allow for
membrane compaction, if any. Then permeate samples
were collected for 2–3 minutes. The salinity of the feed
and the permeate was tested at room temperature (i.e.,
25�C) using a conductivity meter.

The observed rejection was calculated using:

Ro ¼ 1� CP

CFC
ð5Þ

where CP and CFC are the salt concentrations in the
permeate and corrected feed respectively.

Weight% concentrations of aqueous NaCl solutions
were correlated with conductivity, divided into two concen-
tration ranges, and correlated using power law type expres-
sions. The first covered concentrations from 0.0001 to
1wt% and was used to convert measured conductivities
to concentrations to calculate Ro for permeates from the
RO data. The correlation, Eq. (6a), where S is in mS=cm:

CNaCl ¼ 4:1014860 � 10�5 � S1:0286182 ð6aÞ

uses the equivalent conductance values from the CRC
Handbook of Chemistry and Physics (33). A comparison
with two other sources showed very good agreement (data
not shown). The second concentration range spanned 1 to
10wt% NaCl and is based on data from the Cole-Palmer
Handbook. It is correlated with the conductivity S, in
mS=cm by:

CNaCl ¼ 2:0136150� 10�5 � S1:104794 ð6bÞ

Equation (6b) is used to convert feed salinities to wt% con-
centrations.

The average of the feed concencentration at the inlet,
CFi, and outlet, CFo, was used to account for the salt con-
centration recovered in the module, CFR:

CFR ¼ 1

2
CFi þ CFoð Þ ð7aÞ

Using a mass balance on the RO unit we can put CFo in
terms of CFi and CP:

CFo ¼
CFiQF � CPQPð Þ
ðQF �QPÞ

� �
ð7bÞ

where CFi is the initial feed concentation in the tank, CFo is
the outlet feed concentation in the tank, CP is the salt con-
centration in permeate, and QF and QP are the retentate
flow rates at the inlet and permeate outlet of the module
respectively. Substituting Eq. (7b) into Eq. (7a) gives:

CFR ¼ 1

2
CFi þ

CFiQF � CPQPð Þ
ðQF �QPÞ

� �
ð7cÞ

An additional correction was applied to the concentration
of the feed in the recirculation tank to account for the sam-
ple volume used to measure the permeate flux. The average
concentration is estimated using:

CFC ¼ 1

2
CFR þ CFRVDV

ðVDV � VPÞ

� �
ð7dÞ
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where VDV is the deadvolume of the system and VP is the
volume of permeate collected during a flux measurement.

Modelling of Experimental Data

The Spiegler-Kedem=Film Theory (SK-FT) model (34)
was used to determine membrane transport parameters, r
and Pm. The reflection coefficient, r, which represents the
rejection capability of a membrane (i.e., r¼ 0 for no rejec-
tion and r¼ 1 for 100% rejection). Spiegler-Kedem showed
that r represents the fractional contribution of the ‘‘defect’’
free portion of the membrane to the total flow. Pm is the
solute permeability:

Rm

1� Rm
¼ a1½1� expð�Jva2Þ� ð8Þ

a1 ¼
r

1� r
ð9Þ

a2 ¼
1� r
Pm

ð10Þ

and Rm is the solute separation based on the wall concen-
tration. Murthy and Gupta (35,36) combined the SK
model with film theory:

Ro

1� Ro
¼ Rm

1� Rm
½expð�Jv=kÞ� ð11Þ

where k is the mass transfer coefficient, to describe solute
separation based on the observed rejection, Ro, using the
average feed concentration of the solute. Combining Eqs.
(8) and (11) yields:

Ro

1� Ro
¼ a1½1� expð�Jva2Þ�½expð�Jv=kÞ� ð12Þ

which will henceforth be termed the SK-FT model. Using a
nonlinear parameter estimation method (DataFit I and
Sigma Plot 10) and the data of observed rejection (Ro)
and the solvent flux (Jv) taken at given pressure, the mem-
brane parameters r and Pm, and mass transfer coefficient, k
can be estimated, simultaneously. Murthy and Gupta
(35,36) noted that as r approaches unity, the SK-FT model
approaches the Kimura-Sourirajan Analysis model which
they had also combined with film theory to yield (35–37):

Ro

1� Ro
¼ Jv

DamK=d
expð�Jv=kÞ ð13Þ

where DamK=d is a solute transport parameter (m s�1) and
Eq. (13) is henceforth designated as the KSA-FT model. It
is worth noting that the more important consideration for
the similarity of the SK-FT and KSA-FT models is when
the product Jv(1� r)=Pm is sufficiently small, for example
<0.01. This can be encountered when Jv is small and=or

Pm is large in addition to r approaching unity. In this
situation the SK-FT model reduces to:

Ro

1�Ro
¼ r

1�r

� � Jv 1�rð Þ
Pm

� �
expð�Jv=kÞ�

Jvr
Pm

� �
expð�Jv=kÞ

ð14Þ

and r=Pm� d=DamK, with the obvious approximation that
Pm�DamK=d as r generally approaches unity. This equa-
tion can be rearranged and linearized as a function of Jv to:

ln
Ro

1�Roð ÞJv

� �
¼ ln

1

Pm

� �
�Jv

k
� ln

1

DamK=d

� �
�Jv

k
ð15Þ

with Pm approximated by the intercept and k by the inverse
of the slope. In the case of reverse osmosis with low per-
meate fluxes and=or high mass transfer coefficients, the
ratio Jv=k can also become <0.01, concentration polariza-
tion can become negligible. This leads to the further simpli-
fication such that:

Ro

1�Ro
¼ Jv

Pm

� �
expð�Jv=kÞ�

Jv
Pm

� �
1�Jv

k

� �
� Jv
Pm

� Jv
DamK=d

ð16Þ

which is, simply the KSA-FT model. Spiegler and Kedem
also identified the limiting case when Jv approaches zero
and the slope of Ro or Ro=(1�Ro) becomes constant and
equal to r=Pm. The importance of this analysis is to deter-
mine what regime the membrane process is occuring in and
if it is logical to use the KSA-FT or SK-FT models to esti-
mate either k or r.

RESULTS AND DISCUSSION

Effect of Changes in Feed Water Temperature and
Pressure on Permeance in Reverse Osmosis of Pure
Water

The pure water permeance before and after correction
for the viscosity to 20�C using Eq. (2), are shown in
Figs. 1a and 1b respectively. The error bars are generally
quite small. At a fixed temperature, the permeance, L,
changed only slightly (less than 10%) as the transmembrane
pressure was increased from 2 to 5MPa, with the
effect being greater at higher temperatures. However, the
viscosity corrected permeance increased significantly with
increasing temperature, Fig. 1b. For example, at 2MPa
the corrected permeance increased from 1.95� 10�11m=
sPa to 2.84� 10�11m=sPa, a 46% increase, when the
temperature was increased from 20 to 50�C. These results
suggested that temperature changes affecting the viscosity
of water, due to the decreasing Newtonian or bulk viscosity
are not the only factors leading to an increase in flux. The
coefficients of variation, CoV, (i.e., standard deviation=
mean) were found to be very small. The temperature and
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pressure effect experiments were performed in an up
and down sequence. We can argue that a better way
would have been to perform these experiments in random
order to avoid any systematic error in the experiments.
While this was not done in this study, the small error bars
(Figs. 1a and 1b) suggest that the experimental inaccuracy
resulting from the current systematic sequence was not
significant.

The temperature dependence of the permeate flux is also
depicted in Fig. 2 where it was normalized by the average
flux at 20�C using Eq. (1). The results in this work were
very close to that reported by Sharma et al. (26) (data gen-
erated using Eq. 1). The temperature dependence in this
work was 3118� 150K, as measured by the slope, and
was not statistically different from Sharma’s result.

Although the membranes were from different manufac-
turers, they were both RO rated polyamide thin film com-
posites (TFC), hence the similarities may be expected.
While the comparison with Sharma et al.’s (26) reference
is useful to show, it is important to point out that this work
was based on TFC NF membranes and not TFC SWRO
membranes. Furthermore, while the permeate flux
increased with both transmembrane pressure and feed tem-
perature, in the case of the pure water studies the sequence
of cyclic pressure changes (i.e., up or down) had no appar-
ent effect on the permeance at a given temperature (i.e., no
hysteresis effect).

Activated Pure Water Transport Mechanisms &
Temperature Induced Morphological Changes

The strong dependence of the permeance on the tem-
perature suggests that the viscosity corrections do not
account for the flux increases at higher temperatures. The
data in Fig. 1b should be co-linear if the viscosity correc-
tions were adequate and there were no morphological
changes in the membrane itself. Comparing the uncor-
rected permeance data (Fig. 1a) with the viscosity corrected
permeance (Fig. 1b) shows that the viscosity changes
accounted for a significant portion, though not all, of the
increase in permeance due to changes in the temperature.
This also assumes that the viscosity correction equation
(Eq. 2) is accurate. The implication of Fig. 1b is that the
physical properties of the membrane change with tempera-
ture. The fact that the corrected permeance was always
highest at 50�C and lowest at 20�C, irrespective of the
sequence in which the temperature experiments were run
(i.e., up or down), indicates that the change occuring in
the permeability of the membrane is reversible.

FIG. 2. Temperature dependence of the flux normalized by pressure, vis-

cosity and the average flux at 20�C and 20 bar. Also shown are the predic-

tions according to Sharma et al. (2003) and the effect of temperature via

the Newtonian viscosity alone. Note there is a direct overlap of the current

work results with Sharma et al.’s results (upper line).

FIG. 1. RO studies with pure water; a) Permeance vs transmembrane

pressure with pure water, b) Viscosity corrected permeance using Eq. (2)

against transmbrane pressure with pure water at a range of temperatures.

The coefficients of variation, CoV, (i.e., standard deviation=mean) were

very small. With the pure water studies, the sequence of cyclic pressure

changes (i.e., up or down) had no effect on the permeance (i.e., no hyster-

esis effect).
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As Sharma and Chellam (49) reported in their work on
temperature effects on the morphology of porous thin
film composite nanofiltration membranes, changes in
membrane morphology at higher temperatures would be
expected to increase the permeance as the polymers would
soften slightly and be susceptible to creep, compaction,
or mild annealling=coalescence of the pores. In similar
temperature cycling experiments, Manttari et al. (23)
reported irreversible decreases in permeance for most of
the nanofiltration membranes they evaluated during pro-
cessing of glucose solutions (250 ppm) after the membranes
were used at 65�C. The permeance loss was greatest for the
membranes with the lowest temperature ratings, as could
be expected. The composite polyamide RO membrane used
in our studies had a maximum operating temperature
rating of 45�C and maximum operating pressure rating of
83 bar based on the manufacturer’s specifications. In the
current work we were well within the maximum pressure
limit and only slightly above the maximum operating
temperature limit.

Compaction is evident in Figs. 1a and 1b by the negative
slopes, the most significant case, as expected at 50�C. The
time effect might also be important when compaction is
studied. Therefore in some experiments the RO unit was
run for one to two hours. Permeate samples were then
taken. The same results were obtained as with the shorter
run times. The temperature of 50�C and pressure of
50 bar means that the so-called Wagner unit (i.e., tempera-
ture� pressure) is 2500. A value greater than 2000 means
that it is rarely possible to avoid compaction (38).

The viscosity correction assumes that Newtonian flow
still applies at sub-nanometer pore dimensions. At this
scale the existance of water clusters must be considered.
Nemethy and Scheraga (39) reported water clusters con-
taining �91 and �25 water molecules at 0�C and 90�C
respectively, which yield cluster radii of �0.87 nm and
�0.56 nm respectively, when using a molecular volume of
0.0299 nm3. These clusters are in equilibrium with
non-clustered water and have very short lifetimes (10�10–
10�11 seconds). The potential impact of water cluster size
on the temperature dependence of the permeance can be
made by considering the effective viscosity of water in
the membrane to be inversely proportional to the cluster
size. Schultz and Asunmaa (40) also estimated the effective
viscosity of water in RO membranes.

Bowen and Yousef (41) studied the permeation of vari-
ous salts in nanofiltration (NF) membranes. They found
that the addition of a salt resulted in a higher flux. This
was attributed to the salts ‘‘breaking up’’ the water struc-
tures in the small pores and was reported as a reduction
in the effective viscosity of the water, as the absolute value
of the viscosity could not be determined. A thorough treat-
ment of the effects of temperature on water permeance in
thin film composite nanfiltration membranes was also

reported by Sharma et al. (26) They found that increasing
temperature increased the mean pore radii and the molecu-
lar weight cutoff suggesting changes in the structure and
morphology of the polymer matrix comprising the mem-
brane barrier layer. They noted that there was a need to
develop separate expressions for temperature correction
of the flux for individual membranes to accurately
normalize water productivity observed over a range of
temperatures.

Arrhenius plots of viscosity-corrected water permeance
across the SWC1–2540 RO composite polyamide mem-
brane for this study (data not shown) gave an activation
energy of �8.6� 1.2 kJ=gmol for the non-viscous contribu-
tions to flow, comparing very well with an average value of
�8.1 kJ=gmol from Mehdizadeh and Dickson (42) for the
SW30HR membrane in the 5–40�C temperature range.
Sharma et al. (26) reported an activation energy of
�6.4� 0.9 kJ=gmol for the non-viscous contributions to
water transport.

The effect of temperature on morphological changes can
result in swelling or plasticization. Plasticization is not
expected at 50�C as the glass transition temperature for
aromatic polyamides ranges from 90 to 425�C (43). If
changes in the pure water flux, after correction for the
water viscosity, were attributed to swelling, an estimate
of the relative change in pore radius can be estimated. It
is assumed that the pore radius is proportional to the
radius of polymer nodules in the skin layer (40) and that
the Hagen Poiseuille flow applies. The relative change in
the pore radius for all pressures and temperatures can be
estimated from the pressure and viscosity normalized flux
(Eq. 17):

rpT
rp20

¼ JVT
JV20

DP20

DPT

lT
l20

� �1=4

ð17Þ

The predicted relative increases in pore radius required to
account for the observed pure water flux, after accounting
for viscosity changes of the water, are shown in Fig. 3. At
50�C 8% swelling would be required; this is approximately
two orders of magnitude greater than predicted using a
thermal expansion coefficient of 5� 10�5K�1 for a typical
polymer (symbol� in Fig. 3). Hence it would appear
that non-viscous changes in the pure permeance of the
SWC1 membrane are not related to physical changes of
the membrane.

Estimation of r, Pm and k From the SK-FT & KSA-FT
Models in Reverse Osmosis of Saline Solutions

The permeance during the 4% NaCl tests, after correct-
ing for the temperature dependence of the permeate vis-
cosity and the osmotice pressure of the feed using Eq. (4),
is shown in Fig. 4 for the up and down temperature cycle.
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There appears to be a decline in the permeance after operat-
ing at 50�C. However, this decline is not statistically signifi-
cant when the 95% confidence intervals are considered, as
all the probable values overlap. Variations in the magnitude
of the error is primarily associated with errors in the esti-
mation of the osmotic pressure of the feed, rather than
errors in measurement of the permeation rate itself.

Assuming negligible conentration polarization effects
(i.e., Jv=k< 0.01), the changes in the experimantal values
of the observed rejection, in the form Ro=(1�Ro), may

be plotted as a function of flux, Jv, using Eq. (16) the
simplified form of the KSA-FT or the SK-FT model
(Fig. 5). The observed rejection was well correlated by Jv.
The observed rejection during the upswing (open symbols
in Fig. 5) are co-linear with those during the downswing,
suggesting no changes to the membrane itself as a result
of the temperature or pressure changes. Fluxes in the
downswing tended to be lower as the feed concentration
was higher during these experiments.

All the data sets were also examined using the linearized
form of the KSA-FT model (Eq. 15). Two typical data sets
are shown in Fig. 6 for a temperature upswing and

FIG. 3. Predicted relative increases in effective pore radius required to

account for pure water flux increases beyond changes to water viscosity.

The symbol X refers to predicted relative increases in effective pore radius

using a typical polymer thermal expansion coefficient of 5� 10�5K�1.

(Note that temperature for x axis is in �C).

FIG. 4. Corrected permeance, L, in m=sPa, for 4% (w=v) saline water at

a range of temperatures using two up temperatute sequences. The indi-

cation to ‘‘up’’ and ‘‘down’’ refers to the temperature sequence, whether

the temperature was being increased or decreased at that stage of the

experiment. Permeance was calculated using Eq. (4) and the effective

transmembrane pressure drop (i.e., operating or average pressure minus

the osmotic pressure) (Note that temperature for x axis is in �C).

FIG. 5. Experimental Ro=(1�Ro) as a function of the flux, JV, for each

temperature. Solid black symbols of the same shape indicate data during

the temperature downswing, white symbols refer to the up sequence. Solid

lines are straight line fits, only used to help visualize data at the different

temperatures. (temperature in �C).

FIG. 6. Graphical presentation of linearized form of KSA-FT model

(Eq. 15) for two experimental data sets. Solid lines are from the model

and open and closed squares are the observed data. (Note that tempera-

ture for x axis is in �C).
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downswing. The 30�C upswing data set follows the
expected trend for the KSA-FT model. The 40�C down-
swing data set on the other hand has a slightly negative
slope, predicting a negative mass transfer coefficient. Stat-
istically the slope encompasses zero suggesting that concen-
tration polarization is not significant and that only the
parameter DamK=d can be estimated. This is consistent with
the earlier disussions where data at higher temperatures
and or lower Jv are in the range where the SK-FT model
is linear with respect to Jv, that is, the concentration polar-
ization mass transfer is not significant.

The estimates of DamK=d, Pm, r, and k for the two
models are summarized in Table 1. Values of the reflec-
tion coeffient, r, are almost unity for all cases (indicating
close to 100% rejection of solute) and so r is transformed
using �log10(1� r) to facilitate comparisons. There is no
smooth variation of r during the temperature upswing.
Overall, r, increases with increasing temperature,
although one can argue that there are two finite values,
one at 20 and 30�C and another at 40 and 50�C suggest-
ing that a change occurred in the membrane. One can
conjecture on the expected behavior of r with increasing
temperature. Spiegler and Kedem (34) described r as
the ratio of solute transport by the ‘‘perfect membrane’’
to the total flow, or 1� r is the ratio of solute transport
by ‘‘leaks’’ (convection) to the total flow. Hence any tem-
perature effect would reflect the relative importance of
these two transport mechanisms. Let us assume that leaks
represent solute transport by convection, hindered or not,
and transport by the perfect portion of the membrane is
to be via Pm.

A reflection coefficient, r, close to 1 does not indicate a
non-porous membrane, rather it means that permeation is
via a solution-diffusion mechanism, the combination of
which yields the permeability. The use of the Hagen
Poiseuille Eq. (17) to estimate pore size appears to be
inconsistent with this observation. However, we are not
attempting to approximate the pore size but rather the
expected change in the pore dimensions, if there
were any, which would account for the increased flux,

after viscosity changes were also accounted for. What
was shown with Eq. (17) (Fig. 3) is that thermal expan-
sion could not account for the increased permeability.
We can speculate based on our discussion of the water
cluster size=temperature, that it is the water that is chan-
ging beyond normal viscosity effects, that is yielding the
higher permeation. Further to this point, a reflection coef-
ficient of unity implies a defect free membrane in the con-
text that solute transport is not simply by convection with
zero rejection. This does not mean that there are no
pores. Sharma et al. (26) and Sharma and Chellam
(29,30,49) also showed incomplete rejection for many
solutes. Even dense films of gas separation membranes
are recognized as having pores (50).

Table 1 shows distinctly different Pm and DK=d values
for up and down sequence experiments for the same tem-
perature. Data reported in Table 1 and Fig. 7 suggests that
changes in membrane performance may not be reversible.
In addition, if feed concentration changed significantly

TABLE 1
Estimates of r, Pm, DamK=d and k for up (U) and down (D) temperature cycles

T�C �LOG(1� d) r (�) Pm SK-FT (m=s) DamK=d KSA-FT (m=s) k SK-FT (m=s) k KSA-FT (m=s)

20 U 4.37 1.00 2.94E–08 2.85E–08 5.75E–06 5.32E–06
30 U 4.33 1.00 3.45E–08 3.46E–08 6.49E–06 6.47E–06
40 U 6.44 1.00 5.35E–08 5.73E–08 1.54E–05 2.16E–05
50 6.26 1.00 8.28E–08 8.34E–08 9.79Eþ 00 �2.69E–05
40 D 6.39 1.00 7.47E–08 7.85E–08 1.26Eþ 01 �6.94E–05
30 D 6.17 1.00 7.09E–08 7.18E–08 1.20Eþ 00 �3.68E–06
20 D 5.95 1.00 6.25E–08 5.87E–08 2.36Eþ 04 �2.90E–06

FIG. 7. NaCl permeability, Pm, as determined using the SK-FT

and KSA-FT models. KSA-FT values for up and down sequences.

(temperature in �C).
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during up and down experiments (which can lead to two
different solute permeability values) then it may be the
result of an experimental error which can confound data
interpretation.The solute permeability calculated using
SK-FT and KSA-FT models are independent of flux and
pressure and should remain constant if cyclic effects are
completely reversible. In addition, solute permeability
values reported in Table 1, as well as in Fig. 7, for down
experiments are always higher compared to up experiments
(especially for low 20 and 30�C runs) and may be inter-
preted as a hysteresis or memory effect on membrane
permeability (46–48). This is in contrast to the pure water
studies where no hysteresis was observed. For the saline
water studies, however, the membrane may remember its
previous physical state and as such a delay occurs between
the application and the removal of a force and its ensuing
effects. We can argue that this is similar to elastic hysteresis
observed in the effects of loading=unloading on the exten-
sion of a rubber band. Elastic hysteresis was one of the
first types of hysteresis to be examined (47). Let us take a
closer look at this phenomenon and see how it may explain
the hysteresis observed in our saline water membrane
permeability results with the up=down sequences.

Hysteresis phenomena occur in magnetic materials,
ferromagnetic materials, and ferroelectric materials, as well
as in the elastic, electric, and magnetic behavior of materi-
als, in which a lag occurs between the application and the
removal of a force or field and its subsequent effect (i.e.,
memory effect) (46–48). A way to understand it is in terms
of a rubber band with weights attached to it. As weights are
loaded onto it, the band will extend because the force the
weights are exerting on the band is increasing (i.e., compa-
rable to increasing temperature in the membrane in the up
cycle in Fig. 7). As the weights are taken off, each weight
that produced a specific length as it was loaded onto
the band now produces a slightly longer length as it is
unloaded (i.e., compared to decreasing temperature in
down cycle). This is because the band does not obey
Hooke’s law (i.e., strain is directly proportional to stress)
perfectly. We can relate this elastic hysteresis effect to what
was observed in our membrane system (Table 1, Fig. 7). At
a specific temperature, the down temperature cycle (i.e.,
decreasing loading) results in a more permeable membrane
(i.e., higher Pm and higher DK=d) than the up cycle.
The former can be compared to the slightly longer length
of the elastic band as it is unloaded, and is due to the
‘‘memory’’ that the membrane material has of its previous
physical condition (i.e., higher temperature). However, we
must point out that the membrane permeability hysteresis
effect due to cyclic changes in temperature and pressure
is not well understood and is one area where further work
is needed. For example, why did we observe membrane
hysteresis with the saline water studies but not with the
pure water studies?

If the permeability of a solute is taken as an analogue
to gas permeability, the product of the solubility and
diffusivity in the membrane skin layer, then the increasing
Pm with increasing temperature would be expected. There
was an overall NaCl feed concentration increase during
the experiments, which may suggest a concentration depen-
dence of Pm. However, Murthy and Gupta (37), in their
experiments with CA RO membranes, showed very little
variation (<1%) of Pm, with either model, over a 30-fold
increase in concentration (1,000 to 30,000 ppm). Their
values of Pm were �4.7� 10�7m=s (KSA-FT) and
4.1� 10�7m=s (SK-FT), at 25�C, considerably larger than
the values 3� 10�8 and 6� 10�8m=s found in this work
(at 20�C) with a polyamide skin layer. Hence, in the
absence of any defects, a polyamide membrane would
have higher NaCl rejection.

It is possible to use the estimated solute permeability,
Pm, data to study the activation energy, Ea, associated
with solute transport across the RO membrane (44). The
dependence of Pm on temperature shown in Fig. 7 can be
expressed by an Arrhenius type equation:

Pm a expð�Ea=RTÞ ð18Þ

where R is the gas constant and Ea is the activation energy
associated with the solute permeability. A plot of Ln
Pm against 1=T follows the form ‘‘y¼mx’’ and should be
a straight line with a slope equal to �Ea=R from which
the activation energy may be obtained. The data from
Fig. 7 were replotted as shown in Fig. 8. Activation
energies, Ea, for solute permeability in transport of NaCl
through the RO membrane were determined to be

FIG. 8. Arrhenius plots for the NaCl permeability for up and down

temperature cycles shown in Fig. 7. A plot of Ln Pm against 1=T

follows the form ‘‘y¼mx’’ and should be a straight line with a slope

equal to �Ea=R from which the activation energy may be obtained.
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27.7� 4.3 kJ=gmol and 29.2� 3.8 kJ=gmol on the tempera-
ture upswing cycle for the SK-FT and KSA-FT models
respectively. These compared to 25.9 kJ=gmol for the acti-
vation energy of pure water flow in these membranes. The
slope or temperature dependence maybe similar, but the
intercept and hence the absolute value are quite different.
On the temperature downswing the activation energies,
Ea, were 7.1� 0.7 and 9.0� 1.6 kJ=gmol respectively. The
statistically significant differences in activation energy
reported for NaCl permeation during the up and down
experiments (Fig. 8) suggest that experiments during up
and down cycles were not completely reproducible.
However, the lower Ea values could also mean temporary
changes in membrane morphology (i.e., more permeable
membrane due to an elastic hysteresis or memory effect
as explained above) which made it easier for the solute to
pass through the membrane.

The expected dependence of the mass transfer
coefficient, k, on temperature can be quantified using

correlations (45). In turbulent flow, k a D2=3=l 1=2 while
in laminar flow k a D2=3 where D a Tabs= l. In turbulent
flow a greater temperature dependence would be expected
because of both diffusivity increases and viscosity
decreases. Assuming that the viscosity dependence of the
salt solutions on temperature is similar to that of water,
then the relative changes in the mass transfer coefficient
could be expected to follow:

kT
k293

¼ T

293

� �2=3 l293
lT

� �7=6

ð19Þ

As shown in Table 2, the relative increase in the experimen-
tally observed mass transfer at increasing temperatures
is much greater than predicted by Eq. (19). The error is
moderate at 30 and 40�C but extreme at 50�C, when the
experimentally predicted relative k is �4.5 times greater
than expected.

In summary, the overall effects of cyclic changes in oper-
ating temperature and pressure on permeation properties
of composite polyamide RO membranes can be represented
by Fig. 9. Increasing feed=operating temperatures increases
movement of polymer chains and hence increases mem-
brane porosity. In addition, the higher temperatures
decrease water=solute cluster size which in turn lowers vis-
cosity. Both of these increase permeance and decrease
rejection. Increasing transmembrane pressure, on the
other hand, may cause membrane compaction, resulting
in lower permeance. The net effect on permeance and
retention is a combination of these factors. The permeance,
for example, is greatest and the solute rejection lowest
under operating conditions of high temperature and low
pressure (case B).

TABLE 2
Mass transfer coefficients relative to 20�C, experimental

and predicted values

Temperature
�C

K
(m=s)

kT=k293
Experimental
(�)

kT=k293
Predicted by
Eq. (19) (�)

20 5.75E – 06 1.0 1.0
30 6.49E – 06 1.1 1.3
40 1.54E – 05 2.7 1.7
50 5.62E – 05 9.8 2.2

FIG. 9. Graphical representation of effects of cyclic changes in operating temperature and pressure on permeation properties of composite polyamide

RO membranes.
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CONCLUDING REMARKS

The results of this study indicate that the changes occur-
ing in the permeability of the membrane were reversible
since the viscosity corrected permeance was always highest
at 50�C and lowest at 20�C, irrespective of the cyclic up or
down sequence in which the temperature experiments were
run. In the case of the pure water studies the sequence of
cyclic pressure changes (i.e., up or down) had no apparent
effect on the permeance at a given temperature (i.e., no
hysteresis effect). The changes in the observed rejection
appear to be consistent with the Spiegler-Kedem= Film
Theory (SK-FT) and the Kimura-Sourirajan Analysis=
Film Theory (KSA-FT) models. While concentration
polarization was not shown to be significant, the per-
meability of NaCl, Pm in the SK-FT model or DamK=d in
the KSA-FT model, showed a strong temperature
dependence increasing from 3� 10�8m=s at 20�C to
8.3� 10�8m=s at 50�C. Some compaction was suggested
at the higher pressures as shown by the hysteresis in the
up=down cyclic temperature and pressure experiments with
saline water and may be interpreted as a ‘‘memory’’ that
the membrane material has of its previous physical con-
dition. However, no permanent membrane damage was
observed in any of the studies. The overall results suggest
that the net effect on permeance and solute rejection is
the consequence of several interactions with feed=operating
temperatures affecting membrane porosity and water=
solute cluster size, and transmembrane pressure influencing
membrane compaction. The outcomes of this investigation
imply that cyclic changes in the operating temperature and
pressure should not damage the spiral wound composite
polyamide seawater reverse osmosis, thus allowing for
longer membrane lifetimes.
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NOMENCLATURE

a1 constant
a2 constant
CFC salt concentration of corrected feed (ML�3)
CP salt concentration in permeate (ML�3)
CFi initial feed concentration (ML�3)
CFo outlet feed concentration (ML�3)
CFC salt concentration of corrected feed (ML�3)
CFR salt concentration recovered in module (ML�3)
D diffusion coefficient (L2T�1)
DamK=d solute transport parameter (LT�1)

Ea Arrhenius activation energy associated with
solute flux through membrane (kJ=mole)

JV,T volumetric flux at temperature T (LT�1)
JV volumetric flux (LT�1)
k mass transfer coefficient (LT�1)
L permeance (i.e., flux=pressure) (L2TM�1)
N number of clusters
Pm solute permeability (LT�1)
P pressure (ML�1T�2)
4P transmembrane pressure (ML�1T�2)
QF retentate flow rate at inlet (L3T�1)
QP retentate flow rate at outlet (L3T�1)
R the gas constant (8.3145 Jmol�1K�1)
Rm solute separation based on wall concentration
Ro observed rejection
rP pore radius (L)
rPT pore radius at temperature T (L)
S conductivity (SL�1) (note: The basic unit of

conductivity is the siemens (S))
SSR sum of squares of residuals
T temperatute (K or �C)
VDV dead volume (L3)
VP volume of permeate collected during flux

measurment (L3)

Greek

PFW osmotic pressure of feed at membrane wall
PP osmotic pressure of permeate
r reflection coefficient
l viscosity (ML�1T�1)
v kinematic viscosity (viscosity=density) (L2T�1)
s effective pore length (L)
q density (ML�3)
e surface porosity

REFERENCES

1. Zhao, Y.; Song, L.; Ong, S.L. (2010) Fouling behaviour and fouling

characteristics of reverse osmosis membranes for treated secondary

effluent reclamation. J. Membr. Sci., 349 (1–2): 65–74.

2. Singh, R.; Tembrock, J. (1999) Effectively controlled reverse osmosis

systems. Chemical Engineering Progress. September: 57–66.

3. Al-Sajwani, T.M.A. (1998) The desalination plants of Oman: Past,

present and future. Desalination, 120: 53–59.

4. Niewersch, C.; Meier, K.; Wintgens, T.; Melin, T. (2010) Selectivity of

polyamide nanofiltration membranes for cations and phosphoric acid.

Desalination, 250 (3): 1021–1024.

5. Goosen, M.F.A.; Al-Hinai, H.; Sablani, S. (2001) Capacity-building

strategies for desalination: Activities, facilities and educational

programs in Oman. Desalination, 141: 181–189.

6. Goosen, M.F.A.; Sablani, S.S.; Al-Maskari, S.S.; Al-Belushi, R.H.;

Wilf, M. (2002) Effect of feed temperature on permeate flux and

mass transfer coefficient in spiral-wound reverse osmosis systems.

Desalination, 144: 367–372.

7. Goosen, M.F.A.; Shayya, W.H. (1999) Water Management,

Purification and Conservation in Arid Climates. In: Water Manage-

ment, Purification and Conservation in Arid Climates; Vol. 1, Water

24 M. F. A. GOOSEN ET AL.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Management, Goosen, M.F.A.; Shayya, W.H., eds.; Technomic:

Lancaster, PA, USA, 1–6.

8. Ahmed, M.; Arakel, A.; Hoey, D.; Thumarukudy, M.R.; Goosen,

M.F.A.; Al-Haddabi, M.; Al-Belushi, A. (2003) Feasibility of salt

production from inland RO desalination plant reject brine: A case

study. Desalination, 158: 109–117.

9. Mahmoudi, H.; Spahis, N.; Goosen, M.F.; Sablani, S.; Ghaffour, N.;

Drouiche, N. (2009) Assessment of wind energy to power solar

brackish water greenhouse desalination units: A case study

from Algeria. Renewable and Sustainable Energy Reviews, 13 (8):

2149–2155.

10. Tahri, T.; Abdul-Wahab, S.A.; Bettahar, A.; Douani, M.; Al-Hinai,

H.; Al-Mulla, Y. (2009) Simulation of the condenser of the Seawater

Greenhouse, Part II: Application of the developed theoretical model.

J. Thermal Analysis and Calorimetry, 96: 43–47.

11. Rahimpour, A.; Jahanshahi, M.; Mortazavian, N.; Madaeni, S.S.;

Mansourpanah, Y. (2010) Preparation and characterization of

asymmetric polyethersulfone and thin-film composite polyamide

nanofiltration membranes for water softening. Applied Surface

Science, 256 (6): 1657–1663.

12. Penkova, A.V.; Polotskaya, G.A.; Gavrilova, V.A.; Toikka, A.M.;

Liu, J.-C.; Trchova, M.; Slouf, M.; Pientka, Z. (2010) Polyamide

membranes modified by carbon nanotubes: Application for perva-

poration. Separation Science and Technology, 45: 35–41.

13. Sridhar, S.; Kalyani, S.; Ravikumar, Y.V.L.; Muralikrishna, T.S.V.N.

(2010) Performance of composite membranes of poly(ether-block-

amide) for dehydration of ethylene glycol and ethanol. Separation

Science and Technology, 45: 322–330.

14. Nghiem, L.D.; Coleman, P.J.; Espendiller, C. (2010) Mechanisms

underlying the effects of membrane fouling on the nanofiltration of

trace organic contaminants. Desalination, 250 (2): 682–687.

15. Chen, V.; Fane, A.G.; Madaeni, S.; Wenten, 1.G. (1997) Particle

deposition during membrane filtration of colloids: Transition between

concentration polarization and cake formation. J. Membr. Sci., 125:

109–122.

16. Chudacek, M.W.; Fane, A.G. (1984) The dynamics of polari-

zation in unstirred and stirred ultrafiltration. J. Membr. Sci., 21:

145–160.

17. Clifton, M.J.; Abidine, N.; Aptel, P.; Sanchez, V. (1984) Growth of

the polarization layer in ultrafiltration and hollow-fibre membranes.

J. Membr. Sci., 21: 233–246.

18. Dal-Cin, M.M.; MeLellan, F.; Striez, C.N.; Tam, C.M.; Tweddle,

Kumar, A. (1966) Membrane performance with a pulp mill effluent:

Relative contributions of fouling mechanisms. J. Membr. Sci., 120:

273–285.

19. Denisov, G.A. (1994) Theory of concentration polarization in

cross-flow ultrafiltration: Gel-layer model and osmotic-pressure

model. J. Membr. Sci., 91: 173–187.

20. Ghayeni, S.B.S.; Beatson, P.J.; Schncider, R.P.; Fane, A.G. (1998)

Adhesion of waste water bacteria to reverse osmosis membranes.

J. Membr. Sci., 138: 29–42.

21. Sablani, S.S.; Goosen, M.F.A.; Al-Belushi, R.; Gerardos, V. (2002)

Influence of spacer thickness on permeate flux in spiral-wound

seawater reverse osmosis systems. Desalination, 146: 225–230.

22. Koltuniewicz, A.; Noworyta, A. (1994) Dynamic properties of ultrafil-

tration systems in light of the surface renewal theory. Industrial

Engineering and Chemical Research, 33: 1771–1779.

23. Manttari, M.; Pihlajamaki, A.; Kaipainen, E.; Nystrom, M. (2002)

Effect of temperature and membrane pre-treatment by pressure on

the filtration properties on nanofiltration membranes. Desalination,

145: 81–86.

24. Katarzynski, D.; Staudt, C. (2010) Temperature-dependent separation

of naphthalene=n-decane mixtures using 6FDA–DABA-copolyimide

membranes. J. Membr. Sci., 348 (1–2): 84–90.
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