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ABSTRACT: Developing thermally stable reverse osmosis mem-
branes is a potential game-changer in high-temperature water
treatment. In this work, the performance of three commercial reverse
osmosis membranes was evaluated with a series of high-temperature
filtrations. The membranes were tested with different filtration
methodologies: long-term operation, cyclic tests, controlled stepwise
temperature increment, and permeability tests. The morphological and
physiochemical characterizations were performed to study the impact
of high-temperature filtration on the membranes’ chemical composi-
tion and morphological characteristics. An increase in the temperature
deteriorated the membrane performance in terms of water flux and salt
rejection. Flux decline at high temperatures was recognized as the
primary concern for high-temperature filtrations, restricting the
applications of commercial membranes for long-term operations. This research provides valuable insights for researchers aiming
to thoroughly characterize reverse osmosis membranes at high temperatures.

1. INTRODUCTION
Many industries produce a massive amount of contaminated
water at high temperatures, which must be treated, recycled,
and reused. Seasonal and daily temperature variations may also
affect the influent water temperature at the treatment
facilities.1,2 For example, in the province of Alberta, Canada,
the in situ oil extraction process produces highly contaminated
water at high temperatures. Steam-assisted gravity drainage
(SAGD), as the front-runner technology for oil extraction in
Alberta, consumes 2−3 barrels of water to extract one barrel of
oil. Most water treatment technologies provide optimal
performance at room temperature.3,4 In the case of membrane
filtration, the low thermal stability of most commercial
polymeric membranes is the main limiting factor. Therefore,
the hot wastewater must be cooled down before being
accommodated into a membrane filtration process, which
enhances the capital and operating costs when dealing with hot
streams.5,6 Given the above, there is a growing demand for
developing water treatment techniques that operate at high
temperatures and thus improve the heat integration of the
overall process. From the cost and energy savings viewpoint,
the membrane must perform at the highest allowable
temperature.

Polyamide thin-film composite (TFC), the industry-stand-
ard multilayer structure of reverse osmosis and nanofiltration

membranes, is widely used in different separation applications
like municipal and industrial wastewater reclamation or
seawater desalination.7−10 TFC membranes are commonly
developed by coating an ultrathin cross-linked polyamide layer
on the top of microporous support.11,12 The nanoscale
polyamide layer is formed via an interfacial polymerization
reaction between a diamine-containing monomer (like m-
phenylenediamine) and a triacyl chloride monomer (like
trimesoyle chloride). Three functional groups on the
trimesoyle chloride monomer form a 3-dimensional cross-
linked polyamide network necessary for high salt rejection
from water. Any change in monomer type, interfacial reaction
time, or peripheral condition can largely impact the final film
characteristics.13,14

Most commercial polymeric TFC membranes are recom-
mended to be used below 45 °C. The TFC membranes exhibit
unfavorable separation performance, particularly when exposed
to high temperatures above 45 °C. The primary challenge of
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high-temperature water filtration for reverse osmosis mem-
branes is the flux decline at elevated temperatures. This decline
in flux not only compromises separation efficiency but also
presents economic challenges. In order to address the flux
decline, it is essential to increase the operating pressure to
sustain the initial flux. This, in turn, adds to the operational
costs of the reverse osmosis process. Consequently, the direct
application of TFC membranes faces limitations in effectively
treating streams such as hot condensate, boiler-water blow-
down, textile and sugar effluents, laundry wastewater, annealing
baths, high-temperature mining wastewater, and produced
water in the oil and gas industries.2 In some food industries,
water streams must be kept at an elevated temperature (up to
90 °C) to prevent biological contamination.15 In the
pharmaceutical processes, the membranes should be exposed
to high-temperature (up to 95 °C) water streams for
sanitization. This operation is mostly performed at hydraulic
pressures as low as 60 psi for several hours. In some industries,
the saturation of aqueous solution with different salts
necessitates keeping the unit temperature at a high value;
otherwise, the solubility limit of critical compounds may
overpass. In the SAGD process, the produced water temper-
ature is as high as ∼150 °C, and a large amount of energy is
wasted for cooling down the produced water from this
temperature to below 70 °C (or lower) for water treatment
and then heating it again up to ∼220 °C to produce steam.16

It is reported that increasing the temperature is favorable for
water recovery but has a deteriorating effect on the separation
performance of the membranes. Increasing the filtration
temperature affects the membrane properties, solvent, and
solute mobilities.17 Some research works investigated the effect
of temperature on solute transport through nanofiltration
membranes.18 Nanofiltration polyamide membranes showed
less rejection of uncharged solutes at higher temperatures. This
reduction is justified by increasing the pore radius of
membranes at elevated temperatures, leading to less steric
exclusion of solutes. Roy et al.17 studied the effect of
temperature on the transport of monovalent and divalent
ions through nanofiltration membranes. Solute transport
through the membranes, with three mechanisms, including
convection (ion movement by solvent flow), diffusion (ion
movement by concentration gradient), and electromigration
(ion movement by a potential gradient), was found to be
enhanced at higher temperatures. Higher temperatures also

reduce the dielectric exclusion of solutes because the pore
dielectric constant at elevated temperatures decreases. The
authors concluded that higher solute transport at elevated
temperatures could be due to a change in membrane properties
(e.g., increased polymer chain mobility at higher temper-
atures), lower solvent viscosity (enhanced convection flow),
and higher ion diffusivity. However, our recent studies on
fabricating novel thermally stable reverse osmosis mem-
branes7,19,20 revealed an increase in NaCl rejection at higher
temperatures. Such an opposite trend of NaCl rejection in
reverse osmosis membranes compared to nanofiltration
membranes can be justified by the difference in the solute
transport mechanism through the dense polyamide layer of
these two types of membranes. We attributed the increase in
NaCl rejection with temperature to primarily the plasticizing
effect of the temperature on collapsing internal free volumes of
the polyamide structure. Indeed, physical or chemical changes
of polymeric materials with temperature should be considered
in justifying reverse osmosis membranes’ performance at
elevated temperatures. The thermal stability of a polymeric
membrane is found to be highly dependent on the polymer
material properties, such as aromaticity, cross-linking degree,
chain interactions, and stiffing functional groups.2,21 Improving
the cross-link density of the polyamide layer by using new
monomers and fabricating a fully aromatic polyamide structure
has already been investigated.19,22 Further studies showed that
incorporating some inorganic fillers like TiO2, carbon nano-
tube (CNT), and nanodiamonds could improve the thermal
and mechanical characteristics of the TFC membranes.20,23−25

Nevertheless, the first step in designing state-of-the-art
thermally stable reverse osmosis membranes is to develop
laboratory protocols for high-temperature testing similar to
those for industrial reverse osmosis operations.

This study aims to test three flat-sheet commercial reverse
osmosis membranes in a simulated operational environment of
SAGD operation at high temperatures (70−80 °C). The main
objectives are to (i) establish an understanding regarding the
thermal stability of available commercial reverse osmosis
membranes in the market, (ii) suggest protocols for high-
temperature testing of reverse osmosis membranes, and (iii)
provide insights regarding the fabrication of thermally stable
reverse osmosis TFC membranes.

Figure 1. Commercial polyamide TFC membranes used in this study: Veolia AG and Veolia AK, which are standard and low-pressure brackish
water reverse osmosis membranes, and Veolia AD, which is designed for delivering high NaCl rejection under seawater operating conditions.
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2. MATERIALS AND METHODS
2.1. Materials. Veolia AG, Veolia AK, and Veolia AD as

flat-sheet commercial polyamide TFC membranes were all
supplied from Veolia Water Technologies & Solutions (MN,
USA) (see Figure 1). In this paper, we used AG, AK, and AD
symbols to label these membranes. The flat-sheet membranes
were used for filtration after overnight soaking the coupon
samples in isopropanol (IPA) and water solution with a
volume ratio of 1:4. Sodium chloride (NaCl) (>99%) was
purchased from Fisher Scientific and used to prepare the feed
solution. Deionized (DI) water, obtained from a Milli-Q
ultrapure water purification system (Synergy 185, 18.2 MΩ
cm, EMD Millipore Corp., Billerica, MA), was used for all
experiments.

2.2. Experimental Methodologies. 2.2.1. Evaluation of
the Separation Performance of Membranes at High
Temperature. High-temperature filtration tests were carried
out by using a cross-flow filtration setup (Sterlitech Corp.,
USA). The setup is equipped with a circulating water bath
(Isotemp3013, Fisher Scientific) to control the feed solution
temperature. The mass of collected permeate was continuously
recorded by using a digital weighing balance (ME4002, Mettler
Toledo, USA). The permeate flux was calculated with the
following equation:

J m
A tW

m
=

(1)

where Δm is the mass difference of the collected permeate
solution, ρ is water density, Am is the effective membrane area
(20.6 × 10−4 m2), and Δt is the time interval. To evaluate the
NaCl rejection, the conductivity of the feed and permeate
solution was measured using a conductivity meter (Accumet
AR50, Fisher Scientific). Then the conductivity data was
converted to the NaCl concentration using a calibration curve.
The salt rejection was calculated using the following formula:
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where CF and CP are the NaCl concentration of the feed and
permeate solution, respectively. All of the filtration setup
elements were insulated to reduce heat loss during the high-
temperature experiments. Figure 2 illustrates a schematic of a
laboratory cross-flow filtration setup.

High-temperature cross-flow filtration tests were conducted
at different modes to comprehensively study the behavior of
commercial reverse osmosis membranes when they are
exposed to high temperatures: (i) long-term high-temperature
filtrations, (ii) cyclic tests, (iii) stepwise temperature incre-
ments by adjusting pressure, and (iv) permeability measure-
ments at different temperatures.

i. Long-Term High-Temperature Filtrations. The filtration
started with pure water at room temperature for 30 min. Then,
a 2000 ppm of NaCl solution was added to the feed tank. The
feed temperature was steadily increased to 75 °C. The filtration
at 75 °C continued for 7 days to evaluate the stability of the
membranes. The water levels in the feed tank and water
circulator were constantly monitored to eliminate possible
high-temperature evaporation. The transmembrane pressure
and concentrate flow rate were set to 90 psi and 3 L/min
during filtration.

ii. Cyclic Tests. We conducted cyclic experiments to
simulate real industrial high-temperature applications that
involve on/off operations. The filtration started with pure
water at 25 °C. Then a 2000 ppm of NaCl solution was added
after 30 min. The operation temperature was increased
continuously from 25 to 75 °C and kept constant for 4 h.
Then, the operating temperature was decreased to 25 °C. The
next day, the feed solution was heated again to 75 °C, and the
filtration continued for 4 h at elevated temperatures. The same

Figure 2. High-temperature reverse osmosis cross-flow filtration setup. The feed tank and all of the pipes were insulated to minimize heat loss
during the high-temperature filtrations.
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cycle was repeated for the third day. The trans-membrane
pressure was set to 90 psi in all cycles.

iii. Stepwise Temperature Increment by Adjusting the
Pressure. To study the effect of the temperature on the
performance of the membranes exclusively, we employed this
technique to minimize the impact of operating pressure on

membrane performance at elevated temperatures. The trans-
membrane pressure was adjusted at each temperature level to
deliver the same water flux. Filtration started with pure water at
25 °C for 30 min. Then, a 2000 ppm of NaCl solution was
added to the feed tank. The feed temperature increased with
10 °C intervals to 75 °C. The pressure was adjusted

Figure 3. Water flux and NaCl rejection of the AK, AG, and AD membranes in a long-term (7 days) filtration. The permeate samples at high
temperature were collected and allowed to be cooled to room temperature for conductivity measurement.

Figure 4. Water flux and salt rejections of cyclic operations of AK, AG, and AD membranes in 3 days. The flux decline of the membranes at 75 °C
for each cycle was calculated and listed in a table in the first panel. After finishing each cycle, the feed solution was cooled slowly overnight.

Figure 5. (a) The trans-membrane pressure of the membranes at different operating temperatures. The water flux was set to 35 LHM, 72 LMH,
and 112 LMH for AD, AG, and AK membranes, respectively, and (b) NaCl rejection of the membranes at different temperatures.
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(decreased) at each temperature level to have the same
permeate flux.

iv. Permeability Measurement at Different Operating
Temperatures. The pure water filtration was conducted at
different temperatures (25, 35, 45, 55, 65, and 75 °C), and the
permeability of the membranes was calculated. The permeate
flux at four operating pressures was measured at each
temperature level. The slope of water flux vs operating
pressure gives the permeability of the membranes. For each
temperature, a new membrane coupon was used.

2.2.2. Morphological Analysis of the Membranes. The top
surface morphological features of the TFC membranes were
evaluated by field-emission scanning electron microscopy
(FESEM, Zeiss Sigma 300 VP). The thickness of the
polyamide selective layer was evaluated with cross-sectional
transmission electron microscopy (TEM, Philips/FEI Morgag-
ni 268) images. The effect of the temperature on the
topography of the polyamide layer was further studied with
atomic force microscopy (AFM, Bruker Dimension Icon,
USA) in tapping mode at room temperature. The three-
dimensional AFM images along with the roughness data,
including average roughness (Ra) and root-mean-square
roughness (Rq), were obtained by the nasoscope image
analysis software.

2.2.3. Chemical Composition of the Membranes.
Attenuated total reflectance-Fourier transform infrared spec-
troscopy (ATR-FTIR) was conducted to determine the
chemical composition of the polyamide layer. The FTIR
spectra were recorded with an Agilent Technologies Cary 600
series FTIR spectrometer over the range of 400−4000 cm−1 at
4 cm−1 resolution at the transmittance mode and after 30
scans.

3. RESULTS AND DISCUSSION
3.1. High-Temperature Filtrations of Flat-Sheet

Membranes. 3.1.1. Long-Term Performance of the Mem-
branes at High Temperature. Figure 3 illustrates the water
flux and NaCl rejection of the commercial reverse osmosis
membranes at 75 °C. The performance of the membranes was
evaluated for 7 days. The NaCl rejection was measured at high-
temperature filtration each day. All reverse osmosis membranes
experienced flux decline during 7 days of filtration. AD
membrane showed a 22.8% flux decline (8 LMH) at high

temperatures, indicating its high stability in a long-term
operation. However, the brackish water membranes (AK and
AG) showed a 32.40% and 28.4% flux decline, respectively.
The NaCl rejection for all three membranes increased over the
7-day experiment. AK membrane had a greater improvement
in NaCl rejection compared to AD and AG membranes. The
enhancement in NaCl rejection over time can be attributed to
the effect of temperature on the polymeric structure of the
selective layer. As the membrane experienced a consistent
hydraulic pressure at elevated temperatures, it underwent
compaction, reducing free volume within the polyamide
matrix. The compaction of the polymeric structure at elevated
temperatures adversely impacts water flux at 75 °C but
enhances the salt rejection of the membranes.

The flux decline at high temperatures can be explained by
the low thermal resistance of the polymeric structures of the
membranes. The plasticizing effect of the temperature on the
membranes subjected to a permanent hydraulic pressure leads
to the collapse of the membrane structure’s internal voids,
consequently lowering the free volume. The AD membrane,
designed for seawater desalination (800 psi operating
pressure), possesses a dense polyamide layer with a low
permeability. The rigid selective layer resisted thermal stresses

Figure 6. Water permeability of membranes at different temperatures. The permeability was reported by calculating the slope of the flux/pressure
curves.

Figure 7. Water flux and NaCl rejection of the AD membrane when
the feed solution contained 1000 ppm of sodium hypochlorite.
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better at elevated temperatures than brackish water membranes
(AG and AK), with selective layers more prone to structural
variations at high temperatures.

3.1.2. Cyclic Tests. Figure 4 demonstrates the water flux and
NaCl rejection of reverse osmosis TFC membranes in cyclic
operations in 3 days. In the first cycle, the flux of the
membranes increased with an increase in the temperature. The
water flux reached the highest value with different rates, where
AG and AD showed the lowest and highest ratios of water flux
at 75 °C to the water flux at 25 °C, respectively. We noticed
that the membranes with a higher flux ratio in the transition
zone (25−75 °C) had a lower flux decline at 75 °C. The NaCl
rejection had an increasing trend for all of the membranes
when the temperature increased. At higher temperatures, the
diffusion rate of all feed solution components, including water
molecules, through the membrane film increases. Besides,
temperature enhancement reduces the solvent viscosity and
density, facilitating fast permeation through the membrane.
These two phenomena enhance the water flux during filtration
in the temperature transition zone.19,26,27 Furthermore, at high
temperatures, the intensified segmental motions of the

polymeric network allow the formation of more water channels
inside the polyamide membranes.20 Enhancement of the NaCl
rejection at 75 °C might be attributed to the different impact
of the temperature on the diffusion of water molecules and
NaCl ions at high temperatures. As the water permeation rate
is faster than the salt passage at high temperatures, the
rejection percentage increases, i.e., permeate water quality is
improved when filtering hot feed streams.28

On days 2 and 3, the flux decline at 75 °C decreased for all
of the membranes. This observation implies that high
temperature had a weaker effect on the heat-treated
membranes. Another indication of the more stable perform-
ance of the membranes in cycles 2 and 3 is a more linear flux
increment in the temperature transition zones (25−75 °C). A
linear trend of water flux during the temperature increment can
be explained by the smaller structural variation of polyamide
due to thermal stresses. The water flux of the membranes at 25
°C had a decreasing trend for all of the membranes in three
cycles as well. The NaCl rejection was measured at points 1−4,
as shown in Figure 4 (panel 1). The rejection for all of the
membranes increased at higher temperatures. However, NaCl
rejection of the AD membrane decreased in cycles 2 and 3.

3.1.3. Stepwise Temperature Increment. Figure 5 shows
the water flux and NaCl rejection of the membranes in the
range of 25−75 °C with 10 °C intervals. The operating
pressure was adjusted to deliver the same initial water flux at
each temperature level. The initial flux for AD, AG, and AK
was set to 35 LHM, 72 LMH, and 112 LMH, respectively. As
observed in Figure 5, the operating pressure decreased with an
increase in the temperature. The NaCl rejections for AD and
AG showed low variations by elevating the temperatures.
However, the salt rejection of AK decreased at higher

Figure 8. Top surface 3D topography AFM images of as-received membranes, membranes after filtration at room temperature, and membranes
after filtration at a high temperature.

Table 1. Roughness Data, Including Ra: Average Roughness
and Rq: Root Mean Square Roughness of AK, AG, and AD
Membranes

Ra (nm) Rq (nm)

Membrane
As-

received
Pressure-
effect

Temp-
effect

As-
received

Pressure-
effect

Temp-
effect

AK 76.2 70.3 61.5 96.6 92.2 79.2
AG 59.9 57.7 58.5 76.5 73.5 73.1
AD 72.3 70 83.6 91.2 88.5 105.7
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temperatures. This observation is contrary to the obtained
results in long-term performance and cyclic operations, in

which the NaCl rejection increased at higher temperatures. By
ruling out the pressure effect on the membrane at higher

Figure 9. Top surface SEM images of as-received membranes, the membranes after filtration at room temperature, and the membranes after
filtration at a high temperature.

Figure 10. Cross-section TEM images of AG, AK, and AD membranes before and after high-temperature filtrations. The polyamide layer contrasts
the PSf support by its spongy structure with internal voids.
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temperature levels, the structural compaction of the polyamide
is lower, leading to more consistent rejection results.

3.1.4. Permeability Measurement of Membranes at
Different Temperatures. The pure water permeability of the
TFC RO membranes at different temperatures was measured
by varying the transmembrane pressure. Figure 6 depicts the
water flux of AD and AG membranes at 150, 175, 200, and 225
psi in the temperature range 25−75 °C. The slope of the curve
at each temperature level is the permeability of the membranes,
as illustrated in the left panel of Figure 6. The permeability of
the membranes (flux normalized with the pressure) was
increased at elevated temperatures for both AD and AG
membranes, again emphasizing the impact of temperature
increment water permeation through the membrane. This
result highlights that high-temperature water filtration can be
more beneficial from an energy and cost-saving perspective
than room-temperature water filtration.

3.1.5. Testing Membranes at Extreme Temperatures and
Chemical Conditions. Despite the observed flux decline over
time at elevated temperatures, a steady-state flux was reached
after a certain period of time (Figures 3 and 4). Therefore, we
conducted some tests under harsh chemical conditions and
high temperatures to provide further insights into conditions
leading to membrane failure during high-temperature filtration.
Our recent findings highlight that membrane failure can occur
during high-temperature filtration in the presence of chlorine
in the feedwater. The performance of the AD membrane was
investigated under high temperatures and the influence of
chlorine. The intensified active chlorination of the polyamide
selective layer at higher temperatures, illustrated in Figure 7
with 1000 ppm of sodium hypochlorite, resulted in a sudden
and substantial increase in flux to over 400 LMH, accompanied
by a decrease in rejection to less than 20%.

3.1.6. Effect of Temperature on the Morphological
Characteristics of TFC Membranes. Figure 8 shows the top
surface 3D topography AFM images of as-received membranes,
the membranes after filtration at room temperature, and the

membranes after filtration at high temperature. Table 1
summarizes the roughness data, including Ra (average
roughness) and Rq (root-mean-square roughness).

The AK membrane exhibits a smoother surface after
filtration at both room and high temperatures. In contrast,
the AG membrane displays a lower variation than the AK
membrane. However, the AD membrane presents a different
scenario, revealing a rougher surface after filtration at elevated
temperatures. This indicates that the polyamide layer of the
AK membrane responds favorably to temperature changes,
resulting in a decrease in surface roughness. The AG
membrane, on the other hand, shows a lower variation,
suggesting that its polyamide layer is less sensitive to
temperature alterations compared to the AK membrane.
However, the polyamide layer of the AD membrane responds
adversely to higher temperatures, leading to an increase in the
surface roughness. Figure 9 shows the top surface SEM images
of as-received membranes, membranes after filtration at room
temperature, and membranes after high temperature. As shown
in Figure 9, all the images show the typical morphology of the
polyamide layer: ridge-and-valley structure.29,30 The morphol-
ogy of the membranes was affected by the pressure and
temperature. AK showed a less ridge-and-valley structure after
filtration at elevated temperatures, consistent with the AFM
results.

To further evaluate the effect of filtration temperature on the
morphology and thickness of the polyamide layer, cross-
sectional TEM images of reverse osmosis membranes were
taken before and after high-temperature filtration. Figure 10
shows that the polyamide layer with a spongy structure
containing internal voids completely covered the polysulfone
(PSf) support. The internal voids in the polyamide layer are
formed due to the evaporation of solvents during interfacial
polymerization.31,32

As the filtration temperature increased, AG and AK
membranes underwent significant compaction of the selective
layer during long-term operation. Among them, the AK

Figure 11. FTIR spectra of AG, AK, and AD membranes before and after room- and high-temperature filtrations.
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membrane exhibited the most substantial structural compac-
tion, while the AD membrane maintained nearly the same
thickness of polyamide before and after high-temperature
filtration. This aligns with the long-term filtration outcomes,
where the AD membrane demonstrated a lower flux decline
compared to that of AG and AK membranes.

3.1.7. Effect of Temperature on the Chemical Composi-
tion of TFC Membranes. Figure 11 illustrates the FTIR spectra
of as-received membranes, the membranes after filtration at
room temperature, and the membranes after filtration at high
temperature. In AK and AG membranes, two peaks at 3350
and 1100 cm−1 were removed after room- and high-
temperature filtration, which can be attributed to washing
the preservative materials (glycerol) from the polyamide
surface. The peaks at 3350 and 1100 cm−1 correspond to
O−H stretching and alcoholic C−O asymmetric stretching
vibration of glycerol, respectively.33,34 The intensity of the
peaks was also reduced after filtration for the AK and AG
spectra. AD membrane exhibits the same spectra before and
after high-temperature filtrations, showing high stability of the
selective layer at high temperatures. From the FTIR analysis, it
can be concluded that the temperature does not significantly
affect the chemical composition of the polyamide layer.

4. CONCLUSION
Employing the currently available industry-standard reverse
osmosis membranes for industrial and commercial high-
temperature applications is still a big challenge, suggesting a
high demand for the development of thermally stable
membranes by modifying the chemical and morphological
structures of the polyamide layer. Gaining insight into the
factors influencing separation performance at elevated temper-
atures and establishing standardized protocols for high-
temperature testing are crucial prerequisites for the develop-
ment of innovative and thermally stable membranes. In this
study, three commercial membranes were tested by following
four different high-temperature filtration methodologies. The
results showed that the brackish water membranes (AG and
AK) experienced a higher flux decline during filtration at high
temperatures. AD membrane as a seawater desalination
membrane showed more stable performance at higher
temperatures. However, fabricating highly permeable reverse
osmosis membranes (like AG and AK) with robust polymeric
selective layers and high thermal tolerance remains challenging
since available thermally stable membranes (like AD), designed
for specific applications, provide low water recovery.
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