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In the chemical industry large amounts of saline wastewater occur. Its disposal into rivers is a considerable burden to the

ecosystem. To strive for a circular economy and enable a viable raw material recycling, energy-efficient concentration

processes are requisite. High-pressure reverse osmosis meets this criterion, but its industrial application demands suitable

membrane elements that withstand the exceptional operation conditions and provide sufficient performance. Hence, new

requirements regarding the design of spiral-wound elements arise. To identify those, specific performance-limiting effects

need a better understanding.
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1 Industrial Water Recycling and the Need
for Energy-Efficient Concentration
Processes

The recovery and the efficient use of raw materials in chem-
ical industry are substantial efforts to replace present linear
process concepts and strive for a circular economy. In the
chlor-alkali electrolysis for example, a highly concentrated
sodium chloride solution is converted into chlorine and
caustic soda, both used for the production of plastics. In
turn, these production processes result in large amounts of
wastewater that contains about 5 to 15 % NaCl. The dis-
posal into surface water leads to serious adverse changes of
the aquatic ecosystems. Therefore, it is rather reasonable to
concentrate the NaCl solution and feed it back into the elec-
trolysis. The actual implementation of such material cycles
is strongly dependent on the existence of energy efficient
concentration processes that can meet both economic and
ecological demands.

In this context, the application of pressure-driven mem-
brane processes is utterly favorable due to their high energy
efficiency compared to conventional thermal methods
[1, 2]. Reverse osmosis (RO) is the predominant and stan-
dard technique used for the desalination and concentration
of salt solutions. However, its application typically only
allows to reach salt concentrations in the range of about 70
to 80 g L–1 NaCl. This limitation is mainly based on the
specification of commercially available membrane elements,
which commonly restricts their use to a maximum feed
pressure of 83 bar.

Against this background, extending the application of the
pressure-driven RO process towards higher operating pres-

sures appears to be a necessary development to reduce the
wastewater amounts that have to be treated by subsequent
thermal concentration steps. Thus, the implementation of a
high-pressure RO (HPRO) process entails significant cost
and energy savings due to shifting thermal-driven technolo-
gies towards higher feed concentrations. However, with in-
creasing feed pressures (due to increasing osmotic pres-
sures) and therefore mechanical stresses, the constructive
requirements of the membrane element have to be reviewed
and adjusted. For this purpose, specific factors must be
determined that influence and limit the element perfor-
mance in case of exceptional operating pressures. In order
to establish a better understanding of the behavior of spiral-
wound elements under high-pressure operation, this study
focusses on the investigation of application-specific effects
that significantly reduce the effective driving pressure and
consequently limit the achievable recovery rates.

2 High-Pressure Reverse Osmosis with
Spiral-Wound Elements

Owing to its high technical sophistication, the spiral-wound
configuration has become the most popular and economic
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way of membrane packaging. Due to its well-
known advantages compared to other kinds of
element constructions (e.g., disc-tube configura-
tion), such as high packing density and low
feed-sided pressure drop, spiral-wound elements
(SWE) also appear to be an appropriate founda-
tion for HPRO.

As stated previously, the increased feed pres-
sures of the high-pressure operation lead to ex-
ceptional mechanical stresses on the SWE and
its components. This excessive load inevitably
intensifies pressure-induced effects that ad-
versely affect the element performance. In rele-
vant literature on the subject of HPRO it is em-
phasized that there is a need for information primarily
regarding the (long-term) membrane behavior and the
element performance [3, 4].

It is the aim of this study to identify and quantify these
particular effects and evaluate their impact on the element
performance during HPRO. Here, considerable importance
is attributed to the interaction among the element compo-
nents.

2.1 Operating Behavior at 120 bar

Concerning elevated hydraulic feed pressures, it is known
that a time-dependent reduction of polymeric membrane’s
permeability can be observed [5, 6]. For the operation of
SWEs this is a characteristic behavior as well. This behavior
is commonly reported to show an intense initial decline
resulting in a slow reduction over time [7, 8].

In order to verify this information and provide basic data
to interpret the influence of effects that initiate a perfor-
mance reduction, the actual behavior of different commer-
cial RO SWEs under high-pressure operation at 120 bar was
experimentally examined and theoretically analyzed. To
cover an industrially relevant scale, 4-inch elements were
applied. The elements examined in this work were equipped
with dense polyamide thin-film composite RO membranes.

The experiments were performed with a fully automated
pilot plant under feed pressure, feed flow and temperature
control. All tests were done in circulation mode. Feed solu-
tions were prepared by dissolving solid sodium chloride in
RO permeate. A standard test (ST) (55 bar, 25 �C, 32 g L–1

NaCl) was conducted before and after the high-pressure
long-term test (HPLTT) (120 bar, 30 �C, 82 g L–1 NaCl)
intending to check on irreversible changes caused by high-
pressure exposure. The diagrams in Fig. 1 depict the results
in form of the permeability for the specified test phases.

First of all, the results clearly prove the HPRO applicabil-
ity for both SWEs. Despite of their limited maximum feed
pressure of 83 (element 1) and 91 bar (element 2), the
elements withstood a long-term operation at 120 bar for at
least 330 h (element 1) and 370 h (element 2). For both
SWEs the NaCl rejection was ‡ 99 % during all test phases.

The performances in ST1 proved a proper functionality of
the elements and met the typical specifications for RO
SWEs in each case.

As the left diagram documents, the results implicate a
considerable permeability loss over time for both elements
under high-pressure operation. The temporal progression
of the values shows an intense initial decline resulting in a
slower reduction over time what coincides with the observa-
tions reported in literature. The overall permeability reduc-
tion during the HPLTT amounts 22 and 27 % for element 1
and 2, respectively. The achievement of a definite plateau
cannot be identified yet.

As it can be seen in the right diagram of Fig. 1, a compari-
son of the respective permeabilities for ST1 and ST2 shows
a drastic reduction reaching from 30 % (element 1) to even
63 % (element 2). These severe decreases clearly indicate
irreversible changes after high-pressure exposure. Since
scaling effects can be excluded, pressure-induced membrane
deformation is considered to be the reason.

2.2 Specific Performance-Limiting Effects

Regarding the discussions about the origin of the time and
pressure dependent permeability decline during the opera-
tion of membrane elements, it is widely assumed that this
behavior is (besides possible fouling effects) either decisively
influenced by membrane compaction or solely caused by it
[5, 9–12]. The compaction of polymeric membranes is an
extensively investigated phenomenon. Yet, pursuant to liter-
ature analyses [13, 14], there is a considerable disagreement
with respect to its exact nature and the actual relevance of
the different membrane layers.

Fig. 2 shows images of the cross section of a new RO
membrane (left) and a RO membrane after long-term high-
pressure exposure at 120 bar (right) taken with a scanning
electron microscope (SEM).

The white arrows indicate the respective thickness of the
polysulfone layer, which ranges from around 30 to 50 mm in
case of the new RO membrane. For the membrane operated
at 120 bar it measures between around 20 to 25 mm. These
findings reveal that the thickness of this membrane layer,

Chem. Ing. Tech. 2021, 93, No. 9, 1352–1358 ª 2021 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 1. Permeability of the tested RO SWE during the HPLTT (left) as well as
for ST1 and ST2 (right).
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whose compaction is often assumed to play a decisive role
in terms of the permeability decline [7, 15], gets halved due
to the high pressure exposure. These results are in good
agreement with what de Roever et al. reported in their
investigation of the long-term operation of RO elements
used for sea water desalination [16].

Overall, it seems quite problematic that in most of the rel-
evant literature addressing membrane compaction and its
rheological modeling the membrane material behavior is
investigated isolated from the element construction. Hence,
the pressure-induced interaction with other element com-
ponents during the operation of SWE, i.e., the permeate
spacer, is mostly ignored.

In her thesis about the compaction of RO membranes,
Blazheska [12] expresses these exact concerns. She consti-
tutes her presumption that overlapping effects and possibly
fouling engender the performance loss of RO SWE over
time. Here, she particularly refers to the pressure-induced
membrane intrusion into the permeate spacer, blocking the
permeate channel and causing elevated pressure drops.

Such as by Blazheska [12], it has been recognized rarely
that elevated feed pressures and/or temperatures not only
engender compaction of the different membrane material
layers, but also an intrusion of
the membrane into the permeate
spacer during the operation of
SWEs. A detailed literature re-
view shows that several other
authors express serious suspi-
cions that the permeate-sided
pressure drop (influenced by
membrane intrusion) may sub-
stantially impact the effective
driving pressure and therefore
the element performance [13, 17].
In their study, de Rover et al. [16]
also explicitly state the hypothesis
that this effect, among membrane
compaction, must influence the
element performance adversely.

During element autopsy, they found significant membrane
deformations in form of permeate spacer imprints, reinforc-
ing this hypothesis.

A post-experimental autopsy of the herein tested RO
elements revealed similar indications after high-pressure
exposure as it can be seen by the example of element 2
(containing spacer 2) in Fig. 3.

Among the different sides of the permeate spacer, Fig. 3
shows microscopic images of deep imprints on both sides of
the membrane matching the shape of the respective con-
tacting permeate spacer side. The imprint depths were
found to range between 30 and 50 mm, which must be
assessed as only the irreversible or plastic part of deforma-
tion. As the permeate spacers heights range from 245 mm
(spacer 1) to 310 (spacer 2), it appears quite likely that this
extent of membrane intrusion into the permeate spacer
leads to permeate channel deformations that may be
accompanied by a relevant change in flow characteristics.
These findings demonstrate the importance to include
membrane-spacer interaction in terms of a holistic consid-
eration of the SWE performance, particularly with regard to
high operating pressures.

3 Investigation of the Permeate-Sided
Pressure Drop

Based on the given information it seems surprising that the
effect of membrane intrusion commonly remains neglected.
According to literature, this type of membrane deformation
has never been quantified by any experimental investiga-
tion. Aiming to contribute to a better understanding of the
behavior of SWE during HPRO it is concluded that this lack
of knowledge must be addressed.

Compared to the feed spacer structure and the flow
through the feed channel, which are both extensively exam-
ined subjects, the morphology of the permeate spacer and
the hydrodynamics inside the permeate channel are rather
poorly characterized in literature.
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Figure 2. SEM images of RO membrane cross sections: new
membrane (left) and membrane after long-term exposure at
120 bar (right).

Figure 3. Digital microscope images of the permeate spacer (left) and the permeate spacer
imprints on the membranes (right) found during post-experimental autopsy of element 2.
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3.1 Direct Numerical Simulation of a Spacer-Filled
Channel

To gain information about how and especially where exactly
intrusion may mostly affect the permeate sided fluid dy-
namics, the flow through a permeate spacer was resolved
using Direct Numerical Simulation (DNS) and was ana-
lyzed by means of the simulation software DNSlab�, which
is specialized on the analysis of porous structures for techni-
cal applications [18–22].

Due to the rather complex geometry of the woven fabric
as well as the strong impact of the specific structure on the
intrusion effects, the permeate spacer was scanned via
nano-computer tomography (nano-CT). The obtained data
were imported into the simulation software. Spacer 2 was
exemplarily used for this procedure.

Firstly, a rigid spacer-filled flow channel, the optimal case
of no membrane intrusion was analyzed. Therefore, plane
walls along the top and the bottom of the spacer were added
to the model. The final model and a cross section of the
visualized flow velocity field generated by simulation are
illustrated in Fig. 4. For fluid dynamic computation, finite
difference methods were applied for the numerical solution
of the Stokes equation that describes a linear relationship
between superficial velocity and the pressure drop.

Fig. 5 compares the experimental results and the results
obtained by simulation. The specific pressure drop for the
rigid channel configuration is plotted against the superficial
velocity. The secondary horizontal axis shows the corre-
sponding mean permeate flux. It was set as a precondition
that the superficial velocity inside the spacer-filled flow
channel used for the experimental measurement is equal to
the mean velocity inside the membrane envelope at a cer-
tain mean permeate flux that is assumed to be constant
along the permeate channel.

The comparison shows a good correlation between the
experimental and the simulated data. A comparison
between the model’s porosity (50.7 %) and the measured
porosity of the spacer (49.3 %) also confirms an accurate
reproduction of the structure.

The simulation results for the flow velocity field in Fig. 5
indicate that especially the specific shape of spacer side A
(cf. Fig. 3) leads to channels in flow direction which are
defining for the specific flow characteristics. Those channels

point in permeate flow direction and have a width of about
100 to 150 mm. Transferring this information on the effect
of membrane intrusion, it becomes very likely that strong
membrane deformation under high feed pressures results in
an enhanced blocking of these flow channels. The strength-
ened entering of the membrane material into the void
spaces of these channels must lead to elevated permeate-
sided pressure drops that directly reduce the effective driv-
ing pressure. This link will be examined by the following
experimental results.

3.2 Experimental Results for Pressure and Time
Dependency

To not only prove the existence of intrusion effects, but to
also evidence as well as quantify its actual influence on the
element performance at high pressures, adequate permeate-
sided pressure drop measurements were done. To gain use-
ful results, it is paramount to exactly imitate the conditions
prevailing inside a SWE and therefore enable the mem-
brane-spacer interaction induced by feed pressure. Thus, a
special test cell and a corresponding laboratory unit were
developed. Detailed information about this equipment as
well as the experimental methods can be found in [13].

Pressure drop measurements were performed for 30, 60,
90 and 120 bar feed pressure. In each case the flow rate was
varied in a range covering relevant operating conditions in
terms of a mean permeate flux.

The diagram in Fig. 6 pictures
the specific pressure drop as a
function of the feed pressure
exemplarily for a mean permeate
flux of 25 L m–2h–1 and a temper-
ature of 25 �C. It is noted that the
measurements represent the pres-
sure drops that instantly arise
after the feed pressure was set
and thus do not include any time
dependency yet.
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Figure 4. Permeate spacer model for flow simulation (left) and visualization of the simulated
flow velocity field inside the rigid permeate channel (right).

Figure 5. Specific pressure drop related to the superficial veloci-
ty and the mean permeate flux for the experimental and the
simulation-based pressure drop determination (rigid channel).
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The results clearly demonstrate that the permeate-sided
pressure drop is strongly depending on the feed pressure.
For a mean permeate flux of 25 L m–2h–1, which corre-
sponds to the conditions observed during the HPRO opera-
tion of the SWEs, the specific permeate-sided pressure drop
reaches values of around 4.9 to 5.4 bar m–1 for spacer 1 and
2, respectively. For the condition of a RO process at around
80 bar, the corresponding specific pressure drops are 3.1
and 3.5 bar m–1.

These findings allow to conclude that the consideration
of a rigid permeate channel (neglecting the effect of mem-
brane intrusion) is not appropriate to represent the condi-
tions prevailing inside the permeate channel of a SWE. As
assumed based on the results gained by DNS, these findings
indicate that membrane intrusion affects the flow condi-
tions inside the permeate channel significantly by reducing
the void volume.

Considering that the mechanical properties of polymeric
membrane materials are usually described by viscoelastic
modeling approaches [23–25], the pressure-induced materi-
al deformation is expected to proceed over time. The exper-
imental confirmation of this presumable correlation is given
in Fig. 7, exemplary for spacer 1.

The presented values reveal the aforementioned expecta-
tion that the membrane material behavior leads to a pro-
ceeding intrusion into the permeate spacer under long-term
stress and consequently to continually rising pressure drops.
To emphasize the extent of the difference between the

neglect of membrane intrusion and its consideration, the
rigid channel measurement is depicted, too.

Starting from a pressure drop of 4.9 bar m–1, which im-
mediately occurred after pressurization (120 bar), it contin-
ually increased to 8 bar m–1 within about a month of opera-
tion, which is equal to a rise of 63 %. The progression of the
specific pressure drop over time shows a stronger initial rise
resulting in a slower increase over time, which also corre-
sponds to the progression of the permeability of the SWE
during HPRO operation (cf. Fig. 1) and verifies the correla-
tion to the known viscoelastic material deformation.

3.3 Consequences for the High-Pressure Operation
of SWEs

To clarify the consequences of the presented results for the
mass transfer consideration of HPRO SWEs, Fig. 8 shows
the necessary overpressure to overcome the pressure drop
inside the membrane envelope along the permeate channel
(i.e., in permeate flow direction) for the assumption of a
constant flux of 25 L m–2h–1 along this channel. In order to
visualize the deviations that occur by ignoring the influence
of membrane intrusion (rigid channel), the corresponding
conditions are given, too.

The diagram illustrates that the overpressure inside the
spacer-filled permeate channel locally increases to up to
8 bar in case of the chosen assumptions. These values
directly correspond to the reduction of the effective driving
pressure at a certain location inside the membrane envelope
under these conditions, solely caused by the permeate-sided
pressure drop influenced by membrane intrusion.

According to the conventional conception of the mass
transfer inside a SWE, changes in permeate flux are only
decisive in direction of the feed flow (axially), what is the
intended concentration effect of the process. However, the
results depicted in Fig. 7 clearly indicate that the permeate-
sided pressure drop must substantially impair the local
membrane performance and therefore the flux in permeate
flow direction.

Converting the presented results accordingly, it can be
determined that the permeate-sided pressure drop, consid-
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Figure 6. Specific pressure drop inside the spacer-filled perme-
ate channel for both permeate spacers.

Figure 7. Specific pressure drop inside the spacer-filled perme-
ate channel as a function of time and an operating temperature
of 25 �C.

Figure 8. Overpressure inside the membrane envelope along
the permeate channel of an SWE right after pressurization
(120 bar) and after 29 days of operation.
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ered in isolation, leads to a flux decline along the permeate
channel of up to 15 % during the HPRO operation in case
of a mean flux of 25 L m–2h–1. In case of no membrane
intrusion effects, a flux decline of only around 3 % can be
expected.

This interpretation underlines the relevance of mem-
brane-spacer interaction during the high-pressure operation
of SWE but it also reveals the need to consider its influence
on the feed-sided mass transfer. The above mentioned
impact of the permeate-sided pressure drop on the local
membrane performance reaches such an extent that a
mutual interference with the concentration polarization and
also, when appropriate, scaling and fouling must be postu-
lated.

Contrary to the previous assumptions, these feed-sided
flux-reducing effects are consequently dependent on the
location in direction of the permeate flow inside SWE (radi-
al), but also on the feed pressure and the operating time,
just like the deformation behavior of the polymeric mem-
brane material. Moreover, it can be concluded that mem-
brane intrusion as well as membrane compaction not only
influence the local degree of feed-sided effects, but also the
morphological properties of the feed channel (channel
height, porosity). Differing from the general view of plane
feed-sided membrane surfaces, on which hydrodynamic
investigations of the feed channel are commonly based,
membrane intrusion results in highly uneven surfaces
(cf. Fig. 3). This is illustrated by the true-scale sketch in
Fig. 9 with a view on the feed-sided membrane surfaces
deformed by membrane intrusion.

The illustration highlights once more that the direct cor-
relation of feed- and permeate-sided effects should neces-
sarily be taken into account to achieve an even better under-
standing of the mass transfer during HPRO aiming to
reasonably optimize the performance of appropriate SWEs.

4 Conclusion

The urgent need to reduce industrial wastewater emissions
into surface water is one of the main reasons that forces the
development towards a circular economy. This approach
requires the optimization of energy-efficient concentration
processes. Following this premise, it is a reasonable ap-
proach to take full advantage of the application of pressure-
driven methods, such as HPRO. However, the performance
of existing SWEs suffers under the impact of exceptional
feed pressures. It is known that severe mechanical stresses

provoke membrane material deformation like compaction
and intrusion into the permeate spacer. While membrane
compaction is a rather frequently investigated phenome-
non, the knowledge about membrane intrusion and its
influence on the permeate-sided pressure drop is very
limited but expected to be relevant for HPRO.

To analyze the behavior of SWEs under high-pressure
operation, the performance of different available 4-inch
RO SWEs was determined by long-term tests at a maximum
pressure of 120 bar. The elements proved HPRO applicabil-
ity but also exhibited a significant time dependent perme-
ability decline of up to 27 %. A comparison of the perme-
ability for the STs before and after high-pressure exposure
revealed drastic and irreversible losses of up to 63 %, too. A
post-experimental element autopsy showed strong permeate
spacer imprints on the membrane surfaces as well as a com-
paction of the polysulfone membrane layer to 50 % of its
initial thickness, confirming strong membrane deforma-
tions in from of compaction and intrusion.

Based on this evidence, the flow conditions inside the
spacer-filled permeate channel were investigated in detail. A
DNS of the rigid channel provided basic information about
the specific flow through the porous permeate spacer. The
actual impact of membrane intrusion on the permeate-
sided pressure drop and thus on the element performance
was quantified experimentally. The results showed a strong
dependency on the feed pressure as well as on the operating
time, proving proof that among compaction, intrusion is
another major reason for the observed permeability loss. It
turned out that the specific pressure drop inside the per-
meate channel increased from around 1.5 bar m–1 in case of
no intrusion (rigid channel) to around 5 bar m–1 at 120 bar
feed pressure. Within a month of high-pressure operation,
the specific pressure drop continued to increase to up to
8 bar m–1. The results demonstrate that at least in case of
HPRO intrusion effects can no longer be ignored as they
directly affect the effective driving pressure in a substantial
way.

Based on these findings, the consequences for the high-
pressure operation of SWEs were outlined. By transferring
the experimental results, it could be argued that the effect of
membrane intrusion causes a relevant flux decline along the
membrane envelope (in permeate flow direction), which in
turn directly influences feed-sided performance-reducing
effects in the same direction and as a function of operation
pressure and time. Apart from that, intrusion effects result
in strongly deformed feed-sided membrane surfaces, having
an impact on the feed channel’s morphology and flow char-

acteristics. Due to the strong correlation
between permeate- and feed-sided ef-
fects, it is considered necessary to review
existing approaches for the description
of mass transfer by holistically regarding
the SWE as a system of interacting com-
ponents.
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Figure 9. Illustration of the feed-sided membrane surfaces deformed by the effect of
membrane intrusion.

Research Article 1357
Chemie
Ingenieur
Technik



Abbreviations

CT computer tomography
DNS direct numerical simulation
HPLTT high-pressure long-term test
HPRO high-pressure reverse osmosis
RO reverse osmosis
SEM scanning electron microscope
ST standard test
SWE spiral-wound element
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