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ABSTRACT

Desalination using forward osmosis (FO) is one of the low energy separation processes. The driv-
ing force for this separation is the osmotic pressure difference between feed solution (FS) and draw
solution (DS) between the semipermeable polymer membrane. In recent years, the economic and
technical feasibility of FO process for desalination application has attracted scientists from various
disciplines, including water purification, desalination, and power generation. On the other hand, bio-
logically, inspired membranes called aquaporin/biomimetic membrane showed promising results in
separation process with lower energy consumption. Therefore, the study was conducted to evalu-
ate and compare the desalination performance of the commercially available aquaporin membranes
in FO process. The aim of this study was to assess and compare the viability and efficiency of the
commercially available biomimetic membranes namely biomimetic aquaporin and Z-nano mem-
branes in laboratory bench-scale test unit for desalinating different concentration of saline waters.
The study was conducted by varying the operating parameters such as flow rate, temperature and
concentration of feed and DS. The seawater desalination study showed maximum water flux of
57.9 and 23.7 L/m*h for seawater and reverse osmosis brine FS, respectively using 26 wt.% sodium
chloride DS and Z-nano membrane. The optimum operating conditions observed was flow rate of
500 mL/min and 25°C temperature. Comparatively, Z-nano membranes showed better desalination

performance than biomimetic aquaporin for all the tested FS, DS and operating conditions.

Keywords: Seawater desalination; Brine concentration; Water recovery; Salt rejection

1. Introduction

The Gulf Cooperation Council (GCC) countries are sit-
uated in the southwestern region of the Asian continent.
The most of the land in GCC is arid with dry climate, short
winter and limited underground freshwater resources [1,2].
The GCC countries relay on desalination process to manage
their freshwater demands. The main desalination processes
are thermal multi-stage flash (MSF) and membrane based
reverse osmosis (RO) technologies [3,4]. Kuwait seawater

* Corresponding author.

is characterized by increased salinity and turbidity. The
aforementioned thermal and membrane-based desalination
technologies are energy intensive and having fouling, scal-
ing issues due to higher salinity of seawater [5-7]. In recent
years, forward osmosis (FO) process showed promising
results in laboratory scale and pilot scale for seawater
desalination application with low energy consumption.
FO works under natural osmosis process, the high osmotic
pressure draw solution (DS) selectively extract the water
molecules from the contaminated water/seawater through
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the membrane due to osmotic pressure difference. The prin-
ciple of FO technology for desalination application consists
of two stages to generate pure water. First stage is actual
membrane separation process and the second stage is regen-
eration of DS by thermal or membrane process [8]. Due to
the lack of an efficient FO membrane for the desalination
process, the proof of the commercial viability of the tech-
nology is still in its infancy. In recent years, new membrane
has been developed by incorporating transmembrane pro-
teins, known as aquaporins (AQP), which has a potential
of water separation from saline/waste water [9-11]. The
Peter Agre in 1992 found that the biological membranes
provide solid molecular evidence for achieving higher
water flux and higher salt rejection [12-18]. The AQP are
biological membrane proteins for water transport in bio-
logical cells of bacteria, fungi, animal, and plant cells. The
AQP has higher water permeability in the range of four
billion water molecules per second which is mainly due to
the protein structural orientation and chemical identities.
AQP protein has size restriction water channel with polar
and non-polar chemical functional groups which will create
the electrostatic attraction and repulsion during the water
transportation. Therefore, there is huge scape for conduct-
ing desalination performance study using biomimetic/AQP
membranes in FO process. Recent research indicates that

[23-27], the desalination performance of commercially
available biomimetic/AQP membranes was conducted.

2. Experimental
2.1. Materials

The commercially available biomimetic/AQP mem-
branes were purchased from Aquaporin A/S, Denmark
and Z-nano Water Tech, California. The specifications of
the biomimetic membranes are presented in Table 1. The
chemical required for DS, feed solution (FS) preparations
were purchased from Sigma-Aldrich and used without any
further purification. The seawater and RO brine was col-
lected from beach-well at the Doha Desalination Research
Plant (DRP) Kuwait and the de-ionized water was collected
from Siemens Ultra-Clear TWF Water Purification Systems.
The major elemental composition of the seawater and sea-
water reverse osmosis (SWRO) brine is shown in Table 2.
The laboratory scale FO instrument was purchased from
Trevi Systems California and installed at DRP. The trial
runs were conducted to ensure that the overall performance
is in-line with the required parameters, specifications of
the test unit and reliability and integrity of the complete

biomimetic membranes exhibit salt rejection greater than TablleZ .
96% and water permeability greater than 4 L m*h-bar [19]. Major Zlgmental composition of seawater and reverse
The water flux of biomimetic membrane is two magnitudes OSMOSIS brne
more than that of conventional commercial RO membrane Parameters/Unit Seawater SWRO brine
[19,20]. Madsen et al. [21] conducted study on removal of
trace organics in the feed solution using newly developed Total dissolved solids, mg/L 45,377 54,900
biomimetic membrane. The biomimetic membrane rejected pH 73 713
more than ?7% of trace organics which was higher than ’Fhe Conductivity 58.3 69.4
Celzlluliose triacetate (CTA) membrane. Li et al.. [20] applied Alkalinity as CaCO,, mg/L 131.6 175
biomimetic membrane for seawater desalination at 55 bar

. . . R Boron, mg/L 3.7 9.8
applied pressure. The study showed biomimetic membrane i
showed 80% higher water flux compared with commer- Calcu%m, mg/L 730 1,090
cial SW30HR membrane. The FO experimental studies of ~ Chloride, mg/L 24,876 35,212
biomimetic membranes showed significantly higher sep-  Lithium, mg/L - 1.7
aration performance compared with FO-CTA and FO-HTI =~ Magnesium, mg/L 1,325 1,673
(Hydration Technology Innovations, Albany, Oregon, USA) Potassium, mg/L 316.4 997
membranes [22]. o L Sodium, mg/L 14,4885 17,905

Prompt?d by desalination perfo'rmance of.blomm.letlc/ Strontium, mg/L 146 121
AQP protein membranes, observations and in continua- Sulf i 34305 4159
tion of our research on desalination using FO technology ultate, mg, i i
Table 1
Commercially available aquaporin membrane and properties

Membrane type Flat sheet Flat sheet
Manufacturer Aquaporin Z-nano

Membrane thickness 110 pm (+/- 15 pm)

Water channel Aquaporin protein
Test conditions
Water flux

NaCl reverse flux

>7 L/m*h
<2.5 g/m*h
Operating conditions

H,O vs. 1 M NaCl; FO mode

Temp. range: 5°C-50°C

110 pum (+/- 15 um)
Aquaporin protein

H,O vs. 1 M NaCl; FO mode
>7 L/m*h

Short-term exposure: 65°C

pH range: 2-11 (Short-term exposure)
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system. The schematic representation and actual image of
the laboratory FO unit is shown in Fig. 1.

2.2. Characterization of aquaporin and Z-nano biomimetic
membrane

Aquaporin and Z-nano membrane hydrophilic-
ity was characterized by water contact angle (WCA)
using Goniometer. EVO MA18 with Oxford EDS (X-act)
field-emission scanning electron microscopy (FESEM)
instrument was used to study the surface morphology of
the membranes and the membrane surface topological fea-
tures were analyzed using Nano-Observer atomic force
microscopy (AFM) instrument by scanning the membrane
10 pm x 10 um dimensions.

2.3. Experimental procedure for forward osmosis experiments

FO experiments were conducted using laboratory-scale
cross flow filtration unit. The cross-flow permeation cell
is a plate-and-frame design with a rectangular channel on
each side of the membrane. The flow velocities of solutions
during the FO testing were kept at constant values for both
the FS and DS. The FS and DS were circulated in to mem-
brane using concurrent flow technique. The constant tem-
peratures of the FS and DS were maintained. NaCl solutions
with different concentrations were prepared and used as
the DS. Deionized (DI) water and aqueous NaCl solutions,
seawater, and RO brine were used as the FS. During FO
tests, the dilution of the DS is ignored, because the ratio of
water permeation flux to the volume of the DS is less than
2%. In the FO test, the active layer of membrane was facing
the FS. To record weight and conductivity changes, a digi-
tal mass balance and a conductivity meter was used. Each
experiment was conducted for 120 min in triplicate, and
mean values were reported. | and ] values were calculate
according to the following equation:

AV
A, At

J, @™

where | is the water flux, AV is the volume change of FS,
and A  is the membrane effective area, At is time interval.

Fig. 1. Laboratory-scale forward osmosis instrument.

3. Results and discussion
3.1. Characterization

3.1.1. Water contact angle and water uptake studies
of aquaporin and Z-nano membranes

The WCA of aquaporin and Z-nano membranes was
measured using optical WCA and interface tension meter
from USA KINO (model-SL200KB), in accordance with
the sessile droplet method. The water uptake study of the
membranes was measured by water uptake capacity using
a standard protocol given in the literature [28].

It was observed that the WCA of aquaporin membrane
was lower than the Z-nano membrane. But Z-nano mem-
brane showed higher water uptake capacity than the aqua-
porin membrane as shown in Table 3. These variations in
the WCA and water uptake capacity of membrane may
be due to method of fabrication of biomimetic aquaporin
protein and its chemical compositions.

3.1.2. Morphological and topological studies of aquaporin
and Z-nano membranes

The water flux and antifouling character of membrane
directly depend on the surface morphology and its topo-
logical features. The FESEM and AFM are considered the
prominent technique to study the morphological and topo-
logical variation of membrane. FESEM image showed that
the Z-nano membrane showed smaller and uniformly dis-
tributed pores compared with aquaporin membrane as
shown in Fig. 2a. On the other hand, AFM image of Z-nano
membrane showed lower roughness parameter compared
with aquaporin membrane as shown in Fig. 2b. The sur-
face roughness parameters are presented in Table 4, by
means of the maximum mean roughness (R ), root mean
square roughness (R ), and maximum feature height (R

max) :

3.2. Desalination performance study of aquaporin and Z-nano
membrane

The FO desalination experiments were conducted using
flat sheet aquaporin and Z-nano membranes. The effect of
osmotic pressure difference, flow rate and temperature
on the water flux and water recovery was studied.

3.2.1. Effect of draw solution and feed solution concentration
on water flux and water recovery for aquaporin and Z-nano
membrane

The effect of DS and FS concentration on water flux was
studied at constant flow rate of 500 mL/min and tempera-
ture 25°C for aquaporin and Z-nano membrane. The NaCl

Table 3
Water contact angle and water uptake capacity of aquaporin,
and Z-nano membranes

Membrane code WCA (°) Water uptake capacity (%)
AgZ 24.83+0.5 53.96 + 0.4
Z-nano 59.33+0.3 80.00 £ 0.5




A. Al-Sairafi et al. / Desalination and Water Treatment 276 (2022) 62—69 65

Signal A= SE1
Mag = 30.00 KX

EHT = 10.00 kv
WD = 7.6 mm

Date :29 Jul 2019
Time 117:11:33

2a) Aquaporin membrane

2b) Aquaporin membrane

i WD = 8.0 mm Mag = 30.00 KX

2a) Z-nano membrane

1.10 ym

0.00 pm

2b) Z-nano membrane

Fig. 2. (a) Magnified surface field-emission scanning electron microscopy image and (b) three-dimensional AFM images aquaporin

and Z-nano membrane.

Table 4
Surface roughness parameters of aquaporin and Z-nano
membrane

Membrane R, (nm) R _(m) R__ (nm) Average
code (nm)
AqZ 60+0.03 89+0.05 2,601+0.03 315+0.03
Z-nano 186+0.10 221+0.20 1,103+0.15 618+0.15

Maximum mean roughness (R), root mean square roughness
R) and maximum feature heights (R

max)'

DS concentrations were varied from 0.5, 3.5, 7.0, 15, and
26 wt.%, whereas FS concentration were varied from 0.5,
3.5, and 7.0 wt.% NaCl. The beach well (BW) seawater and
RO brine were also used as feed. The result indicates that
the water flux and water recovery was in proportion with
FS concentration, as shown in Figs. 3 and 4, respectively.
Maximum water flux was seen with 26 wt.% NaCl DS con-
centrations, which may be owing to its higher osmotic pres-
sure compared to sodium chloride (NaCl) solutions with a
lower concentration. The maximum water flux obtained
for aquaporin membrane was 17.5 L/m*h when DI water
is used as FS and 26 wt.% NaCl is used as DS. The water
flux of aquaporin membrane was 4.8 L/m*h when 7 wt.%
NaCl is used as FS and 26 wt.% NaCl is used as DS. The low
water flux might be due to the reduced osmotic pressure
differential between 7 wt.% NaCl FS and 26 wt.% NaCl DS.
The performance of Z-nano aquaporin membranes in
desalination is superior to that of biomimetic aquaporin

membranes. The trend is similar to aquaporin membrane
performance, however, the higher water flux and water
recovery was observed with Z-nano membrane. The max-
imum water flux measured for the Z-nano aquaporin
membrane is approximately 78.6 L/m*h for DI water FS
and 26 wt.% NaCl DS concentration.

At 26 wt.% NaCl DS concentration, the Z-nano mem-
brane demonstrated good water flux for seawater and RO
brine FS also. The water flow for seawater FS was 57.9 and
23.7 L/m*h for RO brine FS. The effect of FS and DS con-
centration on water flux and recovery for the aquaporin
and Z-nano membranes are shown in Figs. 3 and 4.

3.2.2. Effect of flow rate on water flux and water recovery for
aquaporin and Z-nano membrane

The effect of flow rate on water flux and water recov-
ery for flat sheet aquaporin and Z-nano membranes were
conducted using 26 wt.% NaCl DS and DI water, 0.5, 3.5,
and 7.0 wt.% NaCl solutions, BW seawater and RO brine
as feed. Experiments were conducted at 25°C and the flow
rate of FS and DS were varied (500, 750, and 1,000 mL/min).
The effect of flow rate on water flux and water recovery is
shown in Figs. 5 and 6, respectively. The result shows that
the water flux increased with increase of flow rate from 500
to 750 mL/min, but further increase of flow rate to 1,000 mL/
min decreased the water flux for aquaporin membrane as
shown in Fig. 5. It is clear from Fig. 5 that the water flux of
aquaporin membrane was highest at 750 mL/min flow for
all the FS. The highest water flux for aquaporin membrane
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Fig. 4. Effect of FS and DS concentration on water recovery for aquaporin and Z-nano membrane.

observed was 24.4 L/m*h for DI water feed and 18.8 L/m*h
for BW feed. The water recovery also showed the same
trend observed with the water flux of aquaporin mem-
brane; the maximum water recovery was 6.3% for DI water
FS and 4.6% for BW ES at 750 mL/min flow rate.

The water flux and water recovery of Z-nano membrane
increased with increase of flow rate from 500 to 1,000 mL/
min for all the tested feed samples. On the other hand,
water flux was decreased with increase of feed concentra-
tion. The higher water flux observed for Z-nano membrane
is 71.84 L/m*h and corresponding water recovery is 15.6%.
Actual desalination performance using seawater and RO
brine as a feed also showed excellent results. The water
flux was 58.1 L/m?h for seawater feed and 34.5 L/m*h for
RO brine feed at 1,000 mL/min flow rate. In comparison,
Z-nano membrane showed 2-6 times higher water flux
and recovery than aquaporin membrane with BW seawater
and DI water feed, respectively.

3.2.3. Effect of temperature on water flux and water recovery
for aquaporin and Z-nano membrane

The effect of temperature on water flux and water
recovery for flat sheet aquaporin and Z-nano membranes
were conducted using 26 wt.% NaCl DS and DI water, 0.5,
3.5, and 7.0 wt.% NaCl solution, BW and RO brine as feed.
Experiments were conducted at flow rate of 500 mL/min
and the temperature was varied (15°C, 25°C, and 40°C). As
shown in Figs. 7 and 8, the water flux and water recovery
increased with increase in temperature from 15°C to 40°C
for all the tested feed samples and membranes. The maxi-
mum water recovery for aquaporin membrane was 5.4%
for DI water FS at 40°C; the corresponding water flux was
22.0 L/m?>h. The increase of water flux with increase of
temperature is due to increased osmotic pressure and dif-
fusion co-efficient and decrease of viscosity at higher tem-
perature. The maximum water flux of 17.5 and 15.4 L/m*h
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Fig. 6. Effect of flow rate on water recovery for aquaporin and Z-nano membrane.

was observed for BW and RO brine as FS using 26 wt.%
DS for aquaporin membrane. For all the FS, 40°C tempera-
ture showed very promising and excellent results in terms
of water flux and water recovery. The maximum water flux
observed for Z-nano membrane was 54.4 L/m?h, and cor-
responding water recovery is 13.0%. The maximum water
flux observed for seawater and RO brine FS are 34.7 and
23.7 L/m*h respectively as shown in Figs. 7 and 8.

While comparing the desalination performance of
aquaporin and Z-nano membranes, the Z-nano mem-
branes performed significantly better than the aquaporin
membranes. For all the membranes, increasing the DS con-
centration led to an increase in the water flux and water
recovery percentage, while increasing the FS concentration
led to a decrease in both these values. The highest water
flux that was measured was around 78.6 L/m*h for DI

water FS when the DS concentration was 26 wt.% for the
Z-nano membrane. Additionally, the Z-nano membrane
demonstrated an outstanding water flux for seawater and
RO brine FS using 26 wt.% NaCl DS. When compared to
the aquaporin membrane, the water flux that was observed
for Z-nano membranes was significantly higher through-
out this study. This enhanced water permeability is may
be due to better water uptake capacity, morphological
and topological features of the Z-nano membrane.

3.3. Desalination performance comparison of biomimetic and
non-biomimetic membranes

Using seawater and RO brine as FS, the desalination
performance of commercially available cellulose triace-
tate (CTA) and thin-film composition (TFC) membranes
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was investigated. Flow rate, temperature, and DS con-
centrations were kept constant at 500 mL/min, 25°C, and
26 wt.%, respectively. Fig. 9 compares water flux between
biomimetic (aquaporin and Z-nano) and non-biomimetic
(CTA and TFC) membranes. When compared to the other
studied membranes, the Z-nano membrane had the highest
water flux. The water flux order for the tested membranes
is Z-nano > aquaporin > TFC > CTA. Fig. 8 shows that bio-
mimetic membranes are more effective than non-biomimetic
membranes for desalinating seawater and RO brine. This
improved performance could be attributed to the presence
of aquaporin water channels in biomimetic membranes.

4. Conclusion

Research on the efficiency of biomimetic FO membrane
was carried out by varying the concentrations of FS and DS,
as well as the flow rate and temperature. The findings of
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the experiments showed that an increase in the flow rate,
temperature, and concentration of the DS led to an increase
in the water flux as well as an increase in the water recov-
ery. On the other hand, water flux and water recovery both
reduced as FS concentration increased. The results from
the experiments that were conducted on the Z-nano mem-
brane using 26 wt.% sodium chloride DS showed a maxi-
mum water flux of 58.1 L/m>h for seawater and 34.2 L/m>h
for RO brine FS, respectively at a flow rate of 1,000 mL/
min and at 25°C. When compared with Z-nano membrane,
biomimetic aquaporin membrane consistently exhibited
lower water flux and water recovery ratio for all of the
conditions that were examined. While comparing biomi-
metic and non-biomimetic membranes, water flux obtained
was in the order Z-nano (biomimetic) > aquaporin (biomi-
metic) > TFC (non-biomimetic) > CTA (non-biomimetic).
Aquaporin biomimetic membranes exhibited water flux
almost 2 times higher than CTA and TFC membranes. In
comparison, Z-nano biomimetic membrane demonstrated
2-5-fold higher water flux than CTA and TFC membrane.
This improved performance could be explained by the
presence of aquaporin water channels in biomimetic mem-
branes. The findings of the laboratory-scale FO tests indi-
cate that the Z-nano membrane is better suited to achieve
a higher water flux and water recovery ratio while using
RO brine and seawater as the FS. As a result, biomimetic
membranes are more suitable for seawater desalination,
desalination brine concentration, and industrial waste water
treatment. The study suggests testing biomimetic mem-
branes on a pilot scale to assess energy usage and fouling
behavior.
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