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ABSTRACT

Continued efforts are made in improving the performance of the low-cost forward osmosis
(FO) membrane process which utilizes naturally available osmotic pressure of the draw
solution (DS) as the driving force. Selection of a suitable DS and development of a better
performing membrane remained the main research focus. In this study, the performance of
a hollow fiber forward osmosis (HFFO) membrane was evaluated with respect to various
operating conditions such as different cross-flow directions, membrane orientation, solution
properties, and solution flow rates (Reynolds number). The study observed that operating
parameters significantly affect the performance of the FO process. FO comparatively
showed better performance at counter-current orientation. NaCl, KCl, and NH,Cl were eval-
uated as DS carrying common anion. Properties of the anionic part of the DS were found
important for flux outcome, whereas reverse solute flux (RSF) was largely influenced by the
properties of DS cationic part. FO was operated at different DS and feed solution (FS) flow
rates and FO outcome was assessed for varying DS and FS Reynolds number ratio. FO
showed better flux outcome as Re ratio for DS and FS decreases and vice versa. Results
indicated that by adjusting FO processes conditions, HFFO membrane could achieve signifi-
cantly lower specific RSF and higher water flux outcome. It was observed that using 2M
NaCl as DS and deionized water as FS, HFFO successfully delivered flux of 62.9 LMH
which is significantly high compared to many FO membranes reported in the literature
under the active layer-DS membrane orientation mode.

Keywords: Hollow fiber-forward osmosis (FO) membrane; Reverse salt flux; Boundary layer
effects; Draw solution; Operating parameter
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1. Introduction

Recently, forward osmosis (FO) process has been
investigated for its potential application for water
purification including desalination [1-4]. Using the
osmotic pressure of a draw solution (DS), it is gaining
popularity as an alternative over the established desa-
lination technologies such as thermal- and membrane-
based desalination processes which consume extensive
energy. For that reason, in a very short span of time,
the low-cost FO process has been studied for various
useful applications [5-9] The rapid evaluation of FO
process for such high number of applications indicates
that the low-energy FO desalination concept is being
overwhelmingly welcomed by the research commu-
nity and industry [10-12].

Membrane and DS characteristics mainly affect the
FO performances because they directly influence the
transport of water molecules through the semi-perme-
able membrane. In many earlier FO studies, low perfor-
mance ratio (a ratio of actual water flux to the
theoretical water flux) has highlighted some serious
issues in FO process which are closely linked with the
suitable DS selection and FO membrane characteristics
[10,13-17]. A wide range of both inorganic and organic
DS have been evaluated for FO process which indicated
varied performance outcome in terms of water flux and
reverse solute flux (RSF) [18-22]. RSF is the movement
of valuable DS molecules across the membrane to feed
solution (FS) side However, in selecting a suitable DS,
DS separation and its recovery from the permeated
water are still considered as the most challenging issue
for the FO process. DS separation and permeate
recovery from the diluted DS are complex and energy
intensive and hence are critical to the FO process.

On the other side, asymmetric polymeric mem-
branes are used for FO applications. These membranes
are developed by casting a very fine active layer (AL)
on a thick porous support layer (SL). These membranes
are grouped into two main types, i.e. flat sheet and
hollow fiber. Their asymmetric membrane structure
usually results in two unique types of internal and
external concentration polarization (CP) effects both at
the membrane AL and SL. CP causes lowering of the
net osmotic pressure gradient available for osmosis
which results in lower permeate flux and low perfor-
mance ratio during the FO process. Internal concentra-
tion polarization (ICP) is considered as the most
critical barrier in getting better performances for differ-
ent FO applications [2,22,23]. To overcome RSF and FO
performance ratio issues, which seem directly linked to
the FO membrane characteristics, various research
groups mainly focused their attention to develop a
very thin membrane AL on a highly porous SL [24-27].

Following Hydration Technology Innovations
(HTI) work, who initially produced their commercial
flat sheet membrane, some other companies also intro-
duced their flat sheet membranes and used them for
various applications [28-31]. Yip et al. [32] reported
TFC-FO flat sheet membrane using polysulfone sup-
port. Most of the AL of flat sheet membranes were ini-
tially prepared using cellulose acetate (CA) and
cellulose triacetate (CTA) followed by polyamide (PA)
thin-film composite (TFC) materials [33], for hollow
fiber membranes, most of the attempts were made
with PA while few also used CTA AL. Some of their
work was focused on AL improvement [15] while the
others aimed their activities to improve FO outcome
through SL modification [27,34-36].

Along with flat sheet FO membrane development
activities, later, various other research groups also
endeavored to fabricate a suitable FO membrane with
better operational performances. Some other unique
and distinctive proliferation membranes, carbon nano-
tubes [37], aquaporin membranes [38] are also used
for FO applications. FO performance was evaluated
for new kinds of FO membranes as hollow fiber for-
ward osmosis (HFFO) membrane [39], polybenzimi-
dazole nanofiltration membrane [40], cross-linked
layer-by-layer (xLbL) FO membrane [26], layer-by-
layer polyelectrolyte applied on a poly ether sulfone
hollow fiber substrate [41], high flux FO membranes
by chemically xLbL polyelectrolytes [33], novel poly
(amide—imide) FO hollow fiber membranes with a
positively charged selective layer [25], TFC-FO mem-
brane for PRO [42], FO membrane with sulfonated
polyphenylenesulfone as the supporting substrate [43],
CA nanofiltration hollow fiber membranes for FO [44],
CA membranes for FO with an ultra-thin selective
layer [45], and others [35,46—48].

On the whole, results have shown that HFFO
membranes mostly showed far better results for water
flux for FO operations. To evaluate the difference in
the performances of these two main types of mem-
branes, HFFO membrane and flat sheet HTI's CTA
membrane were evaluated under the same conditions
for different fertilizer DS and the resultant outcome
was compared [49]. The study showed that although
HFFO membrane demonstrated comparatively better
results, the outcome was not on par with other pub-
lished work showed with HFFO membranes
[24,42,44,50].

For enhanced FO performances, along with contin-
ued efforts to select a suitable DS [49] and improve
membrane characteristics, effect of various FO operat-
ing parameters such as temperature [51,52], flow
direction, membrane orientation [23,53,54], flow rate
or velocity [14,55,56], and viscosity [57] has also been
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evaluated in some earlier studies and many results
demonstrated the room for improved FO perfor-
mances. Varying FO performances directed that along
with the membrane characteristics and DS properties,
specific operating conditions also exhibit very impor-
tant roles in delivering improved performances with
flat sheet and HFFO membranes.

To get insight to better membrane performances, it
is important to understand how the water and solute
molecules transport across AL and SL of the mem-
brane is affected. Understanding of water transport
mechanisms within the membrane and SL structure
may provide solution to flux, RSF, and CP issues. The
water transport phenomenon is directly linked with
the DS and FS properties and membrane characteris-
tics as well. Both these affect each other during the
process of osmotic movement of water molecules
through membrane pores.

The purpose of this study is therefore to evaluate
how some of the process parameters influence the per-
formances of the FO process using a HFFO membrane.
Parameters including membrane orientation DS prop-
erties, cross-flow directions, and cross-flow rates were
evaluated. The HFFO module performance was mea-
sured using water flux and RSF as the main indicators.

2. Materials and methods

The bench-scale FO system, similar to one used in
a previous study [49,58], was used to evaluate perfor-
mance of HFFO membrane (Samsung Cheil Industries,
Korea). HFFO membrane was made up of a PA-based
thin-film composite TFC membrane with AL facing
the lumen side of the fiber. The HFFO lumens carried
inner diameter of 0.9 mm and outer diameter of 1.2
mm. All experiments were conducted using 28cm-
long HFFO membrane module carrying 50 fibers with
a total membrane area of 396 cm”. NaCl was used as a
primary DS for most experiments while two other
monovalent compounds such as KCl and NH4Cl were
also used for comparative studies (all chemicals were
of reagent grade supplied by Chem-Supply, Australia).
Since this investigation mainly involved comparative
studies between each parameter so to avoid the inter-
ference of external CP on the FO performances, deion-
ized water (DI) was used as a FS. Water flux was
determined by recording the changes in the mass of
the DS tank in unit time using a mass balance con-
nected to PC for data logging. The temperatures of the
DS and FS were all maintained at 25+0.5°C using a
water bath linked with a temperature controller.

Two variable speed peristaltic pumps were used to
transport DS and FS separately through lumen and
shell sides of the module, respectively. Varying flow

rates, ranging from 0.2 to 1.2 L/min were used for dif-
ferent test.

HFFO operations were performed to assess the influ-
ence of three major parameters that affect its perfor-
mances such as membrane orientation, cross-flow
directions, cross-flow rates, and the DS properties. HFFO
flux performances were evaluated for different DS and
FS cross-flow arrangements. In the co-current flow
arrangement, DS and FS enter and exit the FO module
from the same sides with similar flow directions. In the
counter-current flow arrangements, however, DS and FS
enter and exit the FO module from opposite ends of the
module, thereby creating an opposite flow directions as
shown in Fig. 1. Initially, the study is carried out using
DS and FS flow rates that were set at 1 L/min, represent-
ing Reynolds number (Re) of 1,300 and 500, respectively
(laminar flows). To evaluate the effects of cross-flow, FO
was only operated under active layer facing FS (AL-FS)
membrane orientation.

For AL-FS membrane orientation, FS flowed inside
the hollow fiber or lumen side of the fiber while the DS
flowed within the shell outside the fiber. For
the AL-DS membrane orientation, DS flowed inside the
lumen side of the fiber while FS flowed through the
outside shell area of the fibers. HFFO was operated
under both co-current and counter-crossflow directions.
RSF was measured by recording the change in the elec-
trical conductivity of the FS using HACH conductivity
meter (model H270G-BNDL).

FO was further evaluated for varying cross-flow
arrangements with Re representing lumen side flow of
100-3,750 and shell side flow of 300-1,800. This showed
that lumen side was evaluated for both laminar and
transition flow zones whereas shell side was operated
under laminar flow zone only. For various experiments,
lumen and shell sides carried either DS or FS based on
FO operation at either AL-FS or AL-DS orientation.

3. Results and discussion
3.1. Effect of cross-flow direction on FO performance

Fig. 2 compares flux outcomes under co-current
and counter-current cross-flow directions. FO mem-
brane showed only slightly higher flux under counter-
current flow arrangements than the co-current
cross-flow direction. Jung et al. [55] also showed that
cross-flow direction slightly effected FO flux perfor-
mance for a flat-sheet FO membrane along its module
length. It is likely because the net driving force is
higher at the DS inlet than at the outlet point of the
FO module under the counter-current arrangement.
Although the initial water flux under counter-current
cross-flow mode is slightly higher than co-current



820 T. Majeed et al. | Desalination and Water Treatment 54 (2015) 817-828

-

S
o
(2]
w

DS Out

DS In

FSIn

Co-current flow
arrangements

«— HFFOModule —

-

S
o
(2]
s

DS In

DS out

FSIn

Counter current
flow arrangements

Fig. 1. HFFO membrane (in AL-FS orientation) module showing the DS and FS flow directions under the co-current and

counter-current arrangement for FO experiments.

—l-Coun-Current Flow —&—Co-Current Flow

= o
o N b
| I

T

Flux (LMH)
©
Flux (LMH)

O
0 50 100 150 200
Time (min)

Fig. 2. FO performance in terms of water flux under differ-
ent cross-flow directions. Other operating conditions
include AL-FS membrane orientation, DS: 2M NaCl, FS:
DI, Re for DS: 1,300, Re for FS: 500.

cross-flow arrangement, however, it was noticed that
after a longer run of about 185 min, both set of flow
arrangements nearly showed similar water flux.

3.2. Effect of membrane orientation on FO performance

Fig. 3 displays water flux outcome when HFFO
membrane module was operated under two different
membrane orientations, i.e. AL-FS and AL-DS. Under
the AL-FS mode, PA rejection layer was facing FS
whereas for AL-DS mode, membrane PA AL was fac-
ing DS. FO was operated using different DS concentra-
tions (1, 2 and 3M NaCl) against DI water as FS.
Cross-flow rate showed Re 500 and 1,300 for lumen

—%—3M NaCl (AL-DS) —6—2M NaCl (AL-DS) —&— 1M NaCl (AL-DS)
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Fig. 3. Effect of DS concentration and membrane orienta-
tion on flux outcome, DI water is used as FS whereas for
varying experiments, DS was used in 1-3M NaCl, DS and
FS showed Re (AL-FS) of 1,300 and 500 and for Re (AL-
DS) of 500 and 1,300, respectively.

and shell side, respectively. FO results indicated a sig-
nificant increase in flux outcome under the AL-DS
membrane orientation. Compared to AL-FS mode,
HFFO membrane under AL-DS mode delivered up to
202, 293, and 340% higher flux for 1, 2, and 3M NaCl
DS, respectively.

Water flux did not vary significantly under the
AL-FS orientation for changes in DS concentration as
it only showed an increase of 8% in FO flux when DS
concentration was changed from 1 to 3 M. However,
under the AL-DS mode, the flux was increased by
82% when the DS concentration for the similar



T. Majeed et al. | Desalination and Water Treatment 54 (2015) 817-828 821

changes in DS concentrations. By increasing DS con-
centration, the flux showed more under AL-DS than
AL-FS membrane orientation although this increase
was not linear at higher DS concentrations. These dif-
ferences in flux between AL-DS and AL-FS membrane
orientation reveal that under the AL-FS orientation,
ICP builds quickly in the membrane SL, reduces the
available osmotic pressure difference at the membrane
interface thus reducing the water flux [23,48,59,60].
Chou et al. [39] further revealed that compared to flat
sheet FO, HFFO membrane takes little more time to
build-up salt concentration within the substrate and to
develop steady ICP. HF membrane flux, therefore,
declines sharply at the initial stages of the test run.
When a steady ICP is developed in the substrate,
HFFO membrane then starts showing steady flux with
a gradual flux decline.

Under the AL-DS membrane orientation, water
flux declines distinctly initially and then the decline
becomes gradual. This sharp flux drop does not follow
the usual flux decline pattern observed with the flat
sheet FO experiments [22,23,61,62]. No such sharp
decline was also observed with the HF under the AL-
FS orientation (Fig. 2). This sharp flux decline could
be due to two possible reasons. Firstly, as the mem-
brane used in these experiments had much higher
area (0.04m?), about 20 times higher than the mem-
brane areas used in most of the flat sheet FO studies,
more volume of water was permeated in unit time
which quickly diluted the DS and caused a rapid
reduction in the osmotic pressure difference and ulti-
mately resulted sharp flux decline. Later, as the flux
decreased with time, the rate of DS dilution also slo-
wed down, hence the flux decline gradually slowed in
the later stages of these experiments.

3.3. Effect of membrane orientation on RSF

RSF for two types of membrane orientations was
evaluated for 1M NaCl as DS and DI water as FS.
These experiments were carried out for cross-flow rate
representing Re 500 and 1,300 for lumen and shell
side, respectively. FS conductivity was regularly
monitored using a bench-scale conductivity meter
which recorded FS conductivity after a fixed time
intervals. Fig. 4(a) shows FS conductivity rise due to
RSF for two types of membrane orientations. It was
observed that in comparison to FO operation at AL-FS
orientation, conductivity of the FS rises more quickly
in AL-DS orientation and HF membrane showed high-
reverse salt passage in AL-DS orientation. RSF for HF
membrane was observed as 3.6 and 8.88g/m?/h for
AL-FS and AL-DS orientation, respectively (Fig. 4(b)).
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Fig. 4. (a) Effect of membrane orientation on FS conductiv-
ity rise and (b) Effect of membrane orientation of RSF, DS:
1M NaCl and FS: DI water.

Compared to AL-FS, under the AL-DS mode, higher
concentration difference between the DS and FS at the
AL interface resulted higher RSF [63]. On the other
hand, under the AL-DS mode, HFFO also showed
higher water flux (Fig. 3). Due to the high RSF, salt
concentration in the FS increased rapidly and caused
lowering of the net osmotic pressure which quickly
decreases flux with time in AL-DS membrane orienta-
tion [64].

In the FO process, water permeation and reverse
salt diffusion take place simultaneously but in oppo-
site directions. Water molecules move from FS side to
DS side whereas draw solute movement is from DS
side to FS side. It might appear that due to this oppo-
site flow directions of water and solutes, water flux
and RSF movement should apparently influence each
other, probably resist other movement stream and
cause slowing down of their movement. Earlier stud-
ies have indicated that the increase in DS concentra-
tion simultaneously increases flux and RSF for FO
process [65]. This study also shows similar trends and
it was observed that RSF increases as the water flux
increases in AL-DS orientation. These indicate that
water flux and RSF uses different pores and routes for
their flow, independent of each other, hence rising
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flow of one stream do not affect the other. For this
reason, HFFO gives simultaneous rise to both flux and
RSF for AL-DS membrane orientation.

3.4. Performance of HFFO membrane in terms of specific
reverse solute flux

Specific reverse solute flux (SRSF) was evaluated
for 3M NaCl DS under both the AL-FS and AL-DS
membrane orientation and the results were compared
with the earlier published work (Fig. 5). DI water was
used as FS for these evaluations and FO was operated
for lumen and shell side Re of 500 and 1,300, respec-
tively. SRSF is the ratio of RSF to water flux, which
indicates the quantity of draw solutes lost by reverse
diffusion per unit volume of water extracted from the
FS [66]. Although some of the other’s work was evalu-
ated at varying operating conditions using different
DS concentrations, the comparison indicate that oper-
ating conditions play an important role for SRSF.
Compared to available results with lower DS

T. Majeed et al. | Desalination and Water Treatment 54 (2015) 817-828

concentration (0.5M NaCl), FO showed lowest value
for SRSF for 3M NaCl DS beside the fact that FO
delivers higher RSF at high DS concentrations [65,67].
The comparison shows that with some adjustments in
the FO process conditions, HFFO membrane could
show the lowest SRSF even when operated at higher
DS concentration for both AL-FS and AL-DS mem-
brane orientation.

3.5. Effect of DS type on FO performance

Three different types of draw solutes (NaCl,
NH,C], and KCI) were used to evaluate effect of vari-
ous DS carrying common anion but different cations
on the water flux and the RSF. The results indicate the
combined effects of DS properties and the AL and SL
characteristics on the water flux and the RSF outcome.
Fig. 6 shows flux and RSF outcome for HFFO using
1M NaCl, NH,Cl, and KCIl as DS and with DI water
FS. It shows that for these DS, the water flux and the
RSF increase when the membrane orientation was
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changed from AL-FS to AL-DS. Flux did not change
significantly under the AL-FS membrane orientation.
Amongst the three DS, KCl showed comparatively
highest water flux under the AL-DS orientation.

The three DS also showed markedly difference in
terms of RSF under both AL-FS and AL-DS orienta-
tion. Salt transport through the membrane is
influenced by ionic/hydrated radii, charge, and size
[69]. For RSF, Na* with higher hydrated radii showed
lower RSF than K* and NH;. K* and NH;, besides
having similarly close hydrated radii, showed fluctuat-
ing RSF under both membrane orientation and these
results indicate that hydrated radii alone may not
influence the RSF in the FO process. These results
indicate that for FO process using PA membrane,
anionic properties of the DS play an important role for
the water flux outcome whereas RSF is largely effected
by the properties of the cationic part of the DS.

Similar outcomes for various DS carrying similar
cation and anion groups have already been reported
elsewhere but they were not evaluated for the role of
their cationic and anionic parts [65,70]. Properties of
the cationic and anionic hydrated radii affect the iso-
electric point of both membrane surface and these
radii radicals which changes membrane surface to
form a double layer [71]. Varying effects for these DS
further indicate that similar undisclosed properties of
the membranes and DS are used for the transport of
water and solute molecules. The DS properties, such
as the ionic size of the cationic part, mostly affect the
diffusion resistivity to diffusion with the SL [65].

3.6. Effect of cross-flow rate on the HFFO performance

FO was operated under varying FS and DS cross-
flow rates to evaluate effects of flow velocity or the
Re. These experiments were carried out under both
AL-FS and AL-DS membrane orientations. DS concen-
tration was varied from 1 to 5M NaCl whereas DI
water was used as FS throughout. Two cross-flow
rates representing Re 200/500 and 600/1,600 were
selected for the tests. First number of the fraction rep-
resents the Re for DS and the other represents Re for
the FS.

Fig. 7 presents the influence of flow rates on the
water flux outcome for HFFO membrane. The results
indicate better flux outcome when Re was changed
from 200/500 to 600/1,600 under both AL-FS and AL-
DS membrane orientations. Under the AL-FS mem-
brane orientation, the water flux increased by 22,
18.46, and 28.8% for 1, 3, and 5M DS concentrations,
respectively, as shown in Fig. 7(a). Similarly, under
AL-DS, HFFO membrane showed 37.56, 31.71, and
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16
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IR I 0000000666000000ca s s
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E 8~§4\0—4~0——0—0~¢—-—0—0—-¢~._4_.__._¢;%4‘_L .
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Flux (LMH)
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Fig. 7. Effect of changing DS/FS cross-flow rate on HFFO
membrane water flux. (a) AL-FS orientation, and (b) AL-
DS orientation, 1, 3, and 5M NaCl DS were evaluated DI
water FS. Fraction in legends shows Re for DS and FS,
respectively. For legends, the first term of the fraction rep-
resents Re for DS and other Re for FS.

17.98% higher flux for 1M, 3M, and 5M DS concen-
tration for the above set of Re values (Fig. 7(b)).

FO was further evaluated to find which of the
solutions, DS or FS flow rate, has greater impact on
water flux. Experiment was started with a specific set
of initial flow rates and after short test run, the flow
rate of either FS or DS was changed to reflect a new
set of Re values for that stream. After short test run at
revised Re, both DS and FS flow rates were restored
to the initial values. Fig. 8 shows flux outcome when
HFFO membrane was initially operated at the Re of
600/1,600 using 1M NaCl as DS and DI as FS. After
about 20 min, FS flow rate was reduced to reflect Re
no of 650 while still maintaining the same Re for DS.
It was observed that reducing the FS flow rate only,
the water flux decreased sharply. Overall about 60%
of the flux decline was observed by reducing FS Re
from 1,600 to 650. After 20 min, when the flow rate of
FS was again increased to restore to its initial Re, the
water flux was restored back to its normal rate.

HFFO membrane was further evaluated using 3M
NaCl as DS and DI as FS. FO test was initially started
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Fig. 8. Effect of changing cross-flow rate of only one
stream (either DS or FS) on FO flux. These tests were per-
formed at AL-DS membrane orientation. 1 and 3M NaCl
DS were used with DI water FS.

at Re pair of 600/1,600. Contrary to the earlier experi-
ment, this time the flow rate of the DS was reduced to
represent a lower Re of 250 while FS flow rate was
kept same to maintain the uniform Re for FS and the
result is displayed in Fig. 8. It was noticed that by
reducing the DS flow rate, FO flux increased quickly
by 8%. However, after 20 min when the flow rate was
reduced to its initial value, the water flux reduced by
20.2% and followed the initial slope of the line. The
results indicate that the HFFO membrane compara-
tively gives high flux outcome when DS flow rate is
reduced. On the other hand, the resultant flux
decreases when the FS flow rate is lowered.

To confirm this, FO was further evaluated for 3M
NaCl DS at comparatively lower Re pair 250/650 and
the water flux outcome was compared with the earlier
results (Fig. 8). Jung et al. [55] emphasized the role of
flow rate affecting the mass transfer within the external
CP layer to optimize FO operations in terms of energy
consumption and production recovery. It was noticed
that 1M NaCl DS at higher Re pair 600/1,600 showed
better flux outcome than the 3M NaCl DS at lower Re
pair 250/650. These results are important as most of
the earlier studies observed that the flux did not vary
noticeably by changing DS and FS flow rates using flat
sheet FO membranes [24,35,42,43,55]. This suggests that
the changes in the cross-flow rate bring various appro-
priate modifications in the HFFO membrane pore
structures which results improved performances for
FO processes. The hydrodynamic conditions leave very
little positive influence on the flat sheet FO membrane
which may affect the FO flux outcome.

Following the results from Figs. 7 and 8, FO was
further operated under AL-DS membrane orientation
by varying DS/FS Re pair and results are summarized
in Fig. 9. It was found that HFFO gave better result at
DS/FS Re values of 200/1,600 for both 1 and 3M DS.

It was also noticed that the water flux increases with
the decrease in ratio of DS/FS Re pair. Fig. 9(a) shows
that for 1M NaCl DS, flux is increased by 41%
whereas Fig. 9(b) shows that for 3M NaCl DS, flux
increases by 37% when the DS/FS Re pair was
increased from 200/500 to 200/1,600, which reflect
reduction of DS/FS Re pair ratio from 0.4 to 0.125.

Membrane forms a boundary layer with liquids
streams in contact with and these boundary layers on
either side of the FO membrane induce significant
resistance for water permeation and salt diffusion. The
transport resistance of this boundary layer may be a
function of many factors such as shape of the inter-
face, wettability of the surface to the liquid, hydropho-
bicity or hydrophilicity, velocity of the liquid at the
interface [72]. Boundary layer resistance is hardly
affected within the SL. The water molecules penetrat-
ing into the pores of the membrane and its SL are
barely affected by stirring of the bulk water or turbu-
lence due to water flow. Therefore, in AL-DS mode,
dilutive CP is not affected much with cross-flow
effects. Resultant flux changes are mostly linked to the
changes in the properties of the inner and outer layers
of the membrane AL.

SEM images of the outer layer of polyamide AL
have indicated that it carries a typical ridge valley
structure [34,68]. The PA membrane surface shows
irregular top surface with non-uniform pore geometry
(Fig. 10). From the fluctuating flux results for HFFO
under AL-DS orientation at different DS/FS Re pairs,
we deduce that each DS/FS Re pair develops some
pressure or stresses on the polyamide AL of the hollow
fiber membrane. These probably results in stretching of
the polymeric membrane that could modify the mem-
brane pores ultimately affecting the water flux out-
come. We suggest that the variation in the cross-flow
rates brings similar nature of changes in the membrane
structure which are developed during the cross- link-
age of polymer structure which enhances flux outcome.
Higher cross-linkage makes the membrane surface
more hydrophilic, more smoother, and compact which
enhances membrane performances [73]. Irregular
shaped pores are changed to uniform size pores which
allow water molecules easily pass through the mem-
brane and thus high fluxes are obtained. We conclude
that with the new pore shape arrangements, the pore
structures also becomes align with each other, symmet-
rical throughout the membrane.

By repeating these experiments at varying DS FS
flow rates, it was observed that there is a particular
set of DS and FS flow rate values which help getting
highest flux through the FO membrane. Other higher
or lower DS and FS flow rates showed comparatively
lower flux. From this we may deduce that membrane



T. Majeed et al. | Desalination and Water Treatment 54 (2015) 817-828 825

(@) @ Flux (LMH)

60 T

50 +
= 40+ Re-
§ 605% 0 200/1600
;’ 30 T Re- P Re- L4
E} [ 200/500 500/1300
= o20f e *

10 +

ok

DS/FS Re

@ Flux (LMH)
(P)go
N Re-
L 200/1600
%0 -; Re- A4
[ Re. 600/1600 Re-
40 + 200/500 @ 502/1300
e
30 +
20 +
10 +
ok
DS/FS Re

Fig. 9. Effect of changing DS and FS flow rates on FO flux performance with (a) 1M NaCl DS and (b) 3M NaCl DS, DI
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Fig. 10. SEM images of polyamide membrane AL showing irregular shape membrane structure pores (Adapted from [34]).

pores, being made of an elastomeric properties mate-
rial, change shapes with pressure and flow and at
some specific values of these process parameters, they
form good arrangement of the pore shapes which
facilitates both water and solute flux. By changing
operating parameters from these optimum values, the
pores again changes back to their disordered structure
and which do not show the same enhanced perfor-
mance. This further confirms the importance of inter-
facial polymerization process of the membrane
making step where the polymeric material develops
various pore sizes, structures, and arrangements of the
membrane pores.

3.7. Combined effects of process conditions

FO membrane was further evaluated at various
other DS and FS flow rates. FO membrane flux
outcome for 2M NaCl DS against DI water FS was
evaluated for two different operating conditions i.e.
for Re no 200/500 at AL-FS membrane orientation and
Re no 3,750/1,500 at AL-DS membrane orientation
and results are presented in Fig. 11. FO membrane in

AL-DS orientation showed remarkably high flux of
629 LMH when operated at Re 3,750/1,500. It
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Fig. 11. Flux outcome showing effect of operating condi-
tions for the same membrane. Condition set # 1 (AL-FS ori-
entation, DS Re 200, FS Re 500), condition set # 2 (AL-DS
orientation, DS Re 3,750, FS Re 1,500), DS: 2M NaCL, and
FS: DI water.
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indicates a flux increase of about 511% for a set of two
operating conditions for the same FO membrane.
Along with the effect of operating conditions on CP
development phenomena, for a better flux outcome,
they also help transform membrane pore structure,
facilitate DS come closer to membrane, reduce the
boundary layer effects, and expedite water molecule
transport through the membrane AL and SL pores.
The variation in these FO flux performances is
reflected mainly due to the changes in the membrane
characteristics.

4. Conclusions

HFFO membrane was evaluated to assess the
effects of some of the operating conditions in terms of
water flux and RSF. Parameters including membrane
orientation, DS properties, cross-flow directions, and
cross-flow rates were evaluated. It was observed that
operating parameters significantly affect the perfor-
mance of the FO process. Main findings are summa-
rized as follows:

(1) Properties of the anionic part of the DS were
found important for flux outcome whereas
RSF was largely influenced by the properties
of DS cationic part.

(2) Results indicated that by adjusting FO pro-
cesses conditions, HFFO membrane achieve
significantly lower specific RSF and higher
water flux outcome.

(3) FO operation at varying DS and FS Re ratio
showed better flux outcome as Re ratio for DS
and FS decreases and vice versa.

(4) FO operation under the AL-DS orientation at
varying DS and FS cross-flow rates markedly
showed enhanced performance outcome. It
was observed that using 2M NaCl as DS and
DI water as FS, HFFO successfully delivered
water flux of 62.9 LMH at DS/FS Re of 3,750/
1,500.
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