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Abstract
Aquaporin plays a promising role to prepare a high performance biomimetic forward osmosis
membrane. However, aquaporin as a protein also has a risk of denaturation caused by various
chemicals, resulting in a possible decay of membrane performance. The present study tested a
novel aquaporin biomimetic membrane in simulated membrane cleaning processes. The effects
of cleaning detergents on water flux and salt rejection were evaluated. The membrane showed
a good resistance to chemical detergents tested. The water flux after chemical cleaning showed
significant increases, particularly after cleaning with NaOCl and Alconox. Changes in the
membrane structure and increased hydrophilicity in the surrounding areas of the aquaporin
protein channel may be accountable for the increase in water permeability. The membrane
shows stable salt rejection up to 99% after all cleaning solutions were used. A 15-day
experiment with secondary wastewater effluent as the feed and seawater as the draw solution
showed a stable flux and high salt rejection. The average total organic carbon rejection from
wastewater after 15-day test was 90%. The results demonstrated that the aquaporin based
biomimetic forward osmosis membrane exhibits chemical resistance for most common
detergents used in membrane cleaning procedures, maintaining a stable flux and high salt
rejection.
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1. Introduction
With the scarcity of clean water in many regions of the world, seawater and brackish water
desalination will play a crucial role for future water supplies. The current leading membrane
desalination technology by reverse osmosis (RO) is an energy intensive process. Forward
osmosis (FO) is a novel membrane-based process that can potentially reduce energy
consumption to conventional water treatment and desalination. In FO process, water is
extracted from a lower concentration feed solution (FS) into a higher concentration draw
solution (DS), driving by the osmotic pressure difference, consequently results in the
concentration of the FS and dilution of the DS.
Aquaporin is a channel-forming transmembrane glycoprotein with the ability to mediate water
entry or release through cell membrane, driving by a transmembrane osmotic gradient.
Aquaporin can thus be defined as a water channel protein. This property of facilitating a high
water permeability while maintaining an excellent solute selectivity is a feature that cannot be
found in any artificial polymeric membrane and has served as inspiration for designing
biomimetic membranes [1,2].
Aquaporin protein has been recently embedded into the active layer of thin-film composite
(TFC) membranes [3]. Aquaporin serves as pore-forming protein that facilitates water diffusion.
With the passive facilitated transport, the protein has a stable geometrical structure during
operation and can achieves single channel turnover rates up to 109 water molecules per
second [4]. Therefore, aquaporin-assisted membranes
potentially have very high
permeabilities compared to conventional membranes [5]. Aquaporin based biomimetic
membranes have been shown to provide a potential benefit for water purification and
desalination [6]. However, as a protein, aquaporin can be affected by surrounding conditions
such as temperature, pH and presence of chemicals that may impact its water transport
properties. It is becoming important to examine how an aquaporin membrane functions under
‘realistic’ conditions.
A literature review shows that few studies have been conducted in terms of practical
applications of aquaporin based membranes. The rejection of small neutral organic compounds
in water has been tested using aquaporin based biomimetic membranes [7]. The performance
of this membrane was compared with a cellulose triacetate (CTA) FO membrane, showing that
the biomimetic membranes have rejection values higher than those from the CTA membrane.
The application of aquaporin based biomimetic membranes has shown promising results in the
various applications including FO processes [6,8]. Nevertheless, the stability of membranes
during practical conditions (i.e. the use of real wastewater and seawater in the FO process) and
after chemical cleaning procedures has not been addressed.

In the present study, a novel aquaporin based biomimetic membrane was tested with different
detergents to simulate membrane chemical cleaning and aging. The stability of the membrane
was evaluated by water flux measured before and after simulated membrane cleaning
processes. A long-term experiment lasting 15 days was also conducted with secondary
wastewater effluent as the FS and Red Sea water as the DS to test the membrane under
realistic conditions.
2. Materials and Methods
2.1 Forward osmosis (FO) membranes
The aquaporin based biomimetic membrane was provided by Aquaporin A/S (Copenhagen,
Denmark). It is a (TFC membrane with incorporated aquaporin channels immobilized in vesicles.
The vesicles are stabilized in the polyamide (PA) thin film (i.e. active layer) on the surface of a
porous polysulfone support layer [3]. Figure 1 shows SEM images of the top surface, bottom
surface and a cross-section of the aquaporin based biomimetic membrane. More details on the
membrane fabrication procedure can be found elsewhere [3].
An equivalent TFC membrane without aquaporin proteins was provided by Woongjin Chemicals
(Korea). Details on the structure and characteristics of the membrane can be found in literature
[9].

Figure 1

2.2 FO experimental setup
A bench-scale FO system was used in this study. The system consisted of a cross-flow FO cell
using a 2 cm × 10 cm flat-sheet membrane. Experiments were operated at a flow rate of 0.2
L·min-1,(i.e. a cross-flow velocity of 0.084 m·s-1). 1 liter of the FS and 1 liter of the DS were used
for each test. The details of system configuration has been described in previous FO studies
[10,11]. All experiments were performed at a temperature of 21 ± 1 oC. The conductivity of the
FS and DS was monitored by a conductivity meter (WTW, Germany). All water permeation tests
were performed under a pH range between 5.3 and 6.5. The FS was deionized (DI) water and
the DS was a 4% NaCl solution that simulates Red Sea water salt concentration.
The effect of membrane chemical cleaning in the FO process was tested by using analog
chemical detergents. All chemicals used were purchased from Sigma Aldrich (Germany). Five
chemical cleaning solutions were used independently in this study: acid cleaning with 0.1%
hydrochloric acid (HCl) at a pH of 1.4, biocide cleaning with 0.5% sodium hypochlorite (NaOCl)
at a pH of 11.6, chelating cleaning of 5 mM disodium ethylenediaminetetraacetic acid (EDTA) at

a pH of 8.2, anionic surfactant cleaning consisting of 2 mM sodium dodecyl sulfate (SDS) at a pH
of 9.1, and a commercial anionic detergent solution (Alconox) of 1% at a pH of 9.3, composed of
sodium dodecylbenzenesulfonate (10–30%) commonly known as linear alkylbenzene
sulfonate (LAS), sodium carbonate (7–13%), tetrasodium pyrophosphate (10–30%) and sodium
phosphate (10–30%). These cleaning methods were chosen as they are the most common
techniques used to clean membranes in seawater desalination and wastewater recovery
processes [12–16].
For the long-term experiment, the FS was secondary wastewater effluent collected from the AlRuwais wastewater treatment plant in the city of Jeddah, Saudi Arabia, with a total organic
carbon (TOC) of 4.95 ± 0.20 mg∙L-1, conductivity of 3.3 mS∙cm-1 and a pH of 7.5. The DS was raw
seawater from the Red Sea with a TOC of 0.98 ± 0.07 mg∙L-1, conductivity of 59.7 mS∙cm-1 and a
pH of 7.8.
2.3 Testing protocol of chemical cleaning and evaluation of membrane performance
The testing protocol of chemical cleaning assessment is described in Figure 2. The baseline flux
and salt rejection were determined for each membrane coupon used in the experiments. These
experiments used DI water as the FS and 4% NaCl as the DS. Afterwards, chemical cleaning was
performed for 0.5 h at the FS side of the membrane; DI was recirculated at the DS side.
Immediately after cleaning, the membrane was flushed with DI water to remove the remaining
chemical agent. Finally, the average flux and salt rejection were calculated for a period of 2 h to
study the effect of each cleaning solution on the membrane performance. Results presented in
this study show the average value of three independent tests for each condition.

Figure 2

As membrane orientation plays a crucial role impacting the propensity of fouling during FO
process, each cleaning experiment was conducted with two membrane orientations: AL-FS (the
membrane active layer facing the FS) and AL-DS (the active layer facing the DS).
A long-term running for 15 days was also conducted with secondary wastewater effluent as the
FS and Red Sea water as the DS under a semi-batch mode. Each batch was operated for 24
hours. Then concentrated FS and diluted DS were replaced by fresh aliquots and operation
continued to the next batch. The long-term process was operated under AL-FS mode which has
been proven to be the most effective in preventing fouling of an FO membrane [13,17,18].
Total organic carbon (TOC) was measured by an Organic Carbon Analyzer (TOC-VCPH, Shimadzu,
Japan).
The salt rejection from the DS to the FS side was estimated by the conductivity measured in the
DS and FS reservoir, which was converted to salt concentration. Equation 1 was used to
calculate salt rejection considering that the dilution of the DS in each experiment is negligible:

𝐶

Salt Rejection (%) = (1 − 𝐶 FS ) × 100

(1)

𝐷𝑆

where CFS is the calculated salt concentration in the FS reservoir after each experiment, and CDS
is the calculated salt concentration in the DS reservoir at the beginning of each experiment. The
initial conductivity of the FS reservoir is lower than 1.0 µS∙cm-1 which is negligible.
Equation 2 was used to calculate the salt rejection for the long-term experiment, where a
secondary wastewater was used as FS and seawater as DS. The salt rejection was determined
by the conductivity in the DS reservoir, and relating it to the loss of salt in each batch to the
feed side:
𝐶

×𝑉

Salt Rejection (%) = 1 − (1 − 𝐶DS2 × 𝑉𝐷𝑆2 ) × 100
DS1

𝐷𝑆1

(2)

where CDS1 and CDS2 are the salt concentration of DS before and after each cycle respectively,
and VDS1 and VDS2 are the bulk volumes of DS before and after each cycle, respectively.
2.4 Characterization of membrane surface
The surfaces of the membrane before and after chemical cleaning were characterized by
Fourier Transform Infrared Spectroscopy in the attenuated total reflectance mode (ATR-FTIR,
Perkin Elmer Spectrum 100). An electrokinetic analyser for solid surface analysis (Anton Paar,
Austria) was used to determine the zeta potential of the membrane surface using 10mM NaCl
solution as electrolyte. The results were calculated by the Helmholtz-Smoluchowski equation
[19].
3. Results and Discussion
Experiments were conducted to determine the stability of an aquaporin based biomimetic
membrane, evaluating salt rejection and water flux before and after various chemical cleanings.
Surface characterization was performed afterwards to study the effects of each chemical on the
composition and charge of the membrane active layer. Each chemical cleaning solution showed
to have a different effect on the performance of the biomimetic membrane.
3.1 Salt rejection and water flux
The normalized water flux for the baseline experiment is shown as 1.0 in Figure 3 for both AL-FS
and AL-DS membrane orientations. Similarly, the normalized water flux after each test of
chemical cleaning is also shown for both membrane orientations. It can be seen that for all the
cleaning agents the flux was either similar or higher to the baseline flux. The HCl cleaning
increased the flux by 9.8% in AL-FS mode and 20% in AL-DS mode. Cleaning with NaOCl showed
the highest water flux increase among all cleaning agents, with a 66% and 100% increase
compared to the baseline value. A slight improvement was found with sodium EDTA solution,

achieving an increase in flux of 1.5% and 5.1% for AL-FS and AL-DS mode, respectively. After the
SDS cleaning, the water flux increased 28% and 6.5% for each membrane orientation. After
cleaning the membrane with Alconox detergent, the water flux showed an increase of 75% in
AL-FS mode and 31% in AL-DS mode.

Figure 3

The rejection to the back diffused NaCl from the DS to FS was above 98% for all the tests done
as baseline (before chemical cleaning) as shown in Figure 4a (AL-FS mode) and Figure 4b (AL-DS
mode). Salt rejection was not affected by any chemical cleaning as described by the values of
rejection measured after chemical cleaning, being the largest difference lower than 0.5%. These
tests reveal the performance stability of aquaporin based biomimetic membranes to reject NaCl
even after chemical cleaning.

Figure 4

3.2 Mechanisms related to membrane performance change
HCl and NaOCl cleaning had a higher impact on the membrane support side. Compared with the
flux increase when the active layer was chemically cleaned, an increase of 10% in the water flux
was achieved after the support layer was cleaned by HCl solution. In the case of NaOCl, the
increase was 35%. These results indicate that the impact on the membrane structure might be
more significant than the impact on the embedded aquaporin proteins in the AL surface when
HCl and NaOCl were used as cleaning detergents.
Generally, TFC membranes have good chemical stability and minimum degradation towards pH,
hydrolysis and biodegradation [20-22]. HCl can induce a physical change of polysulfone support
and open the pore of support layer while the chemical degradation of PA active layer by HCl is
negligible [23]. The change of porosity in support layer can reduce internal concentration
polarization (ICP) during FO process, consequently increased flux. During NaOCl chemical
cleaning, N―H hydrogen of membrane material is replaced by chlorine while the hydrogen
bonds between C═O and N―H are weakened or even destroyed. The rotational freedom and
flexibility of the crosslinked polymer chains are increased [24, 25]. Meanwhile, chlorination
promotes the amide C−N bond hydrolysis and makes the membrane more hydrophilic [24-26]..
As a consequence of these structural changes and enhanced hydrophilicity of the membrane
after chemical cleaning by NaOCl solution, the restrictions of water passage through the
membrane is decreased, resulting in an improved water permeability [27]. In addition, NaOCl
can cause C―S bond scission in polysulfone molecules, thus results in larger pore size in the
polysulfone porous support, which can improve flux of FO process by reducing ICP [28, 29].

Furthermore, the size of nodules in the PA layer of the membrane decreases and the
internodular spaces is filled by the arisen polymer chains from adjacent nodules because of the
interaction between chemical cleaning agents and polymer chains in the PA layer of TFC
membrane [30]. The PA composite membrane may have been transformed into more
homogeneous membrane, explaining the changes in water permeability during FO filtration.
Related to the embedded aquaporin modification, it has been reported that aquaporin proteins
show a variation in water permeability in relation to the pH of the solution, depending on the
type of structure of the protein [31]. During NaOCl (oxidizing and basic pH) and acid (low pH)
cleaning, the position of histidines which is a α-amino acids with an imidazole functional group
in the aquaporin protein might be responsible of the changes in water permeability. Histidines
can “tune” the pH sensitivity of different aquaporin proteins toward acid or alkaline ranges [32].
For the cleaning solutions containing SDS and Alconox, the impact was higher on the membrane
active layer. When the active layer of membrane was cleaned by SDS solution, it showed an 21%
increase of water flux compared to cleaning the support layer. The increase of flux was 44%
when comparing both membrane orientations with the Alconox cleaning. These results suggest
that these cleaning agents have an effect on the active layer and possibly on the aquaporin
proteins embedded on it. SDS can remove the unreacted water-soluble monomers, thus
increases the free volume size and fractional free volume in the membrane active layer and
improve the water flux [33].
A test was made to compare the effect of Alconox cleaning solution on an unmodified TFC FO
membrane and an aquaporin based biomimetic membrane. Results are shown in Figure 5.
Cleaning an unmodified TFC membrane with Alconox has almost no effect on the water flux.
When the membrane modified with aquaporin proteins is cleaned, the water flux increases 75%
compared to the baseline test, which could suggest that the proteins are being affected by the
cleaning agent. It should be noted that Alconox detergent can cause the enlargement of pore
size in polysulfone support of a TFC FO membrane after a long-term (144 hours) exposure
which resulted in an increase of FO flux [34]. The negligible effect on the water flux of
unmodified TFC FO membrane in the present study could be attributed to the short exposure
time.
Alconox is a detergent composed mainly of phosphates and LAS. The effect of sodium
phosphate on the aquaporin based biomimetic membrane was tested as well and compared to
the results with Alconox cleaning (Figure 5). The water flux after cleaning with sodium
phosphate did not change significantly compared to the baseline, showing that phosphates
have almost no effect on the aquaporin protein embedded on the membrane surface. Still
surfactants present in the Alconox detergent (i.e. LAS) could be responsible for the aquaporin
protein modification, resulting in a change on the water flux of the membrane.

Figure 5

Studies for the conformation of protein in SDS complex showed that the molecules of SDS have
marginal effect on the conformation of aquaporin including the structure of water channel.
However, Borgnia et al. [35] reported that longer incubation time (>24 hours) in 1 % SDScontaining sample buffer caused the dissociation of the tetramer forming the aquaporin protein
in E. coli even without reducing agents. Even though SDS is a denaturing anionic detergent, it is
not able to change the aquaporin secondary structure [36]. Also Hansen et al. [37] found that
SDS solution can induce the reconstitution and helical rearrangements of aquaporins into large
lipid vesicles, but the secondary structure of the protein is not affected and the aquaporin
vesicles can work as a promising procedure to stabilize the protein in membrane surfaces.
In principle aquaporins could lose water permeability when single SDS molecules or structures
attach to the hydrophilic ends of the water pore, surrounding areas or even inside the channels,
consequently block the water channel of aquaporins [36]. Single SDS molecules were present
under our experimental conditions as SDS is not forming micelles at 2 mM concentration since
the critical micelle concentration of SDS is 8.2 mM. However, decrease in water flux before and
after cleaning was not observed (see Figure 3), thus indicating that this effect is negligible.
LAS in the Alconox detergent forms micelles at lower concentrations than SDS. The average
concentration of LAS in the solution was 2.5 mM, and the critical micelle concentration of LAS is
around 1.1 mM [38]. Due to this effect, chemical cleaning with Alconox showed a higher
positive impact on water flux compared to SDS cleaning.
The reduction of membrane surface tension caused by detergents may also be responsible for
the higher water flux obtained after cleaning. Along with the reduced surface tension,
detergents increase the hydrophilicity of neighboring areas of aquaporin structures, thereby
possibly increasing the local water permeabilities. This result may not be observed in the TFC
membrane without aquaporin modification because the whole membrane system is different
when the vesicles are present.
Although the dissociation of aquaporin protein may influence the water transport across the
modified membrane, our results suggest that there is no denaturation process undergoing since
the protein functionality was not significantly affected. The water flux increased and salt
rejection is stable. The higher flux observed after cleaning may be accounted for a surface
tension reduction.
3.3 Membrane surface characterization after chemical cleaning
To determine if the membrane surface underwent modification due to the chemical cleaning,
its composition and charge were analyzed by FTIR and zeta potential measurements. No
structural changes on the surface of the aquaporin based biomimetic membrane could be
observed on SEM imaging after each chemical cleaning experiment (data not shown).

Figure 6 shows ATR-FTIR spectrum of the active layer of a new aquaporin modified membrane
and following each chemical cleaning procedure. No significant change on the chemical
structure (i.e. functional groups) was observed, confirming that the biomimetic membrane was
chemically stable after the cleaning procedures. Generally, the amide groups on the TFC
membrane is resistant to the hydrolysis [39]..

Figure 6

The zeta potentials of a virgin aquaporin based biomimetic membrane as the baseline and the
chemically cleaned samples were calculated by streaming potential. Results are shown in Figure
7. At the pH range from 5.3 to 6.5, zeta potential is considerably more negatively charged
when the membrane was cleaned with acid (HCl) and NaOCl. Increase of water flux after
chemical cleaning can be explained by the changes of streaming potential and enhanced
hydrophilicity of membranes after hypochlorite and acid cleaning [40, 41].
The membrane surface charge plays a significant role in membrane performance. The
negatively charged surface of aquaporin based biomimetic membrane provides an electrostatic
repulsive force on anions. Cations are also rejected in order to maintain the electroneutrality.
The trend of zeta potential can illustrate the tendency of solute rejection by charge repulsion
and explain the variation of flux and rejection [42]. Since the negative charge of membranes is
enhanced after chemical cleaning with acid and NaOCl, electrostatic repulsion increases
between Na+ and the membrane with a more hydrophilic surface. Particularly, the increased
negative charge caused by N-chlorination consumption of terminal amino groups after
chlorination in hypochlorite treatment can contribute to the improvement of flux and salt
rejection [43, 44].
For the cleaning experiments using EDTA, Alconox and SDS, a slight decrease in the charge can
be observed at the pH range used. In the case of the anionic surfactants (Alconox and SDS), the
decrease is an expected effect due to the binding of molecules on the surface of membrane
with the negative charged hydrophilic tail exposed to the water. Salt rejection, thus, remains
very high (> 98%) after chemical cleaning.

Figure 7

3.4 Seawater desalination and wastewater recovery by forward osmosis process
During a 15-day FO process with secondary wastewater effluent as the FS and seawater as the
DS, both water flux and salt rejection were observed to be stable. The average water flux was
4.6 L∙m-2∙h-1 and the average salt rejection 98.5% (Figure 8). However, both water flux and salt

rejection in this test was lower than those observed for the conditions used in the cleaning
solutions tests. The reduction of water flux was due to the formation of a fouling layer on the
membrane surface at the FS side when secondary wastewater effluent was used as the FS. The
lower flux consequently resulted in an increased back diffusion of salt from the DS [45].
Therefore, a decrease in salt rejection is also observed. The average TOC rejection from
wastewater in 15 days was 90.7%.

Figure 8

CTA FO membranes have been a benchmark for several years. Compared to previous
experiments using a CTA membrane where a secondary wastewater effluent was the FS and
seawater was the DS, the water flux values using an aquaporin based biomimetic membrane
was found to be higher and more stable [13, 46]. Flux was 3.4 L∙m-2∙h-1 for the CTA membrane
and 4.6 L∙m-2∙h-1 in this study under similar testing condition. In terms of salt rejection, the
aquaporin based biomimetic membrane also showed a higher rejection than CTA membranes,
due to the ability of aquaporin proteins to selectively reject salt ions and allow water passage
through the aquaporin water channel.
3.5 Implications
Results from this study indicate that aquaporin based biomimetic membranes appear to have a
superior performance in FO processes for seawater desalination and wastewater recovery
compared to conventional CTA FO membranes. However, more tests using real conditions are
required for a full assessment. The results found in this study suggest that an increase in water
flux of biomimetic membranes may be feasible by appropriate chemically treated prior to its
use. For example, a quick flush with a cleaning agent such as SDS or LAS may improve the
performance of aquaporin proteins to transport water, without compromising salt rejection.
Results from the cleaning tests suggest that cleaning steps required, as per system operation,
will not adversely affect an aquaporin based biomimetic membrane, where a selective water
flux with high salt rejection are expected to be maintained. Verification is required in cleaning
tests conducted under operation with real solutions (i.e. real wastewater and seawater).
4. Conclusions
An aquaporin based biomimetic membrane was tested by using different cleaning solutions to
simulate membrane chemical cleaning processes. The stability of the membranes was
evaluated. The membrane showed a good chemical stability when tested with different
detergents and a wide pH range (1.4 to 11.7). EDTA showed a negligible effect on the water flux
of the membrane. HCl, NaOCl, SDS and Alconox cleaning showed to increase the water flux of
aquaporin based biomimetic membranes. The variation of flux was mainly attributed to the
change of TFC membrane property when HCl, NaOCl and SDS were used as the detergents
while Alconox showed more impact on aquaporin. Very high salt rejection (>98%) even after

chemical cleaning were observed for all tested cleaning solutions. However, the significant
change of flux caused by the detergents would be a potential challenge for the membrane
aging in the future long-term implementation.
Initial tests with secondary wastewater effluent as the FS and natural seawater as the DS
demonstrated a stable operation (i.e. water flux and salt rejection) and higher performance
compared to a CTA membrane under similar testing conditions. Fouling layer formed at the FS
side can cause a minor water flux reduction. More tests are necessary to validate these results
for long-term operation and possible effects. Cleaning protocols may have on the process with
real fouling conditions.
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