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OF feasibility to improve the
desalination performance and antifouling
properties of FO membranes†

Alireza Zirehpour,a Ahmad Rahimpour,*a Saeed Khoshhal,a

Mostafa Dadashi Firouzjaeib and Ali Asghar Ghoreyshia

In this study, a hydrophilic metal–organic framework (MOF) was applied to improve the performance of

a cellulosic membrane for forward osmosis (FO) desalination application. The characterization results

confirmed that the MOF particles existed within the matrix of the modified membrane. The MOF loading

led to adjustment of the membranes in terms of overall porosity, pore inter-connectivity and

hydrophilicity. These features caused an improvement in the pure water permeability (72%) and reduce

the structural parameter of the modified membrane to 136 mm. The FO water flux of the modified

membrane enhanced by about 180% compared to an unmodified membrane, without decreasing its

selectivity. FO fouling experiments were performed with a feed solution comprising a model organic

foulant. The results demonstrated that the modification considerably improved the membrane

antifouling properties when compared to the unmodified membranes. Water flux was also more easily

recovered through physical cleaning for the modified membrane. The modified membrane was

continuously tested under FO seawater desalination to investigate the performance stability. The

modified membrane demonstrated a noteworthy water flux of above 30 LMH, using a 2 M NaCl draw

solution. The modified membrane developed in this study exhibited outstanding permselectivity

compared to ones reported in the literature.
1. Introduction

Seawater desalination has been the focus of many research
studies to overcome the fresh water scarcity challenges in most
countries.1 Forward osmosis (FO) has been advertised as a high-
recovery and low-energy water ltration as well as desalination
technique that shows great promise in addressing the general
water crisis.2–5 In addition, FO is among the most effective
strategies to achieve high removal of contaminants from water.6

FO works based on a dense hydrophilic semipermeable
membrane that separates two solutions called the feed solution
(FS) and draw solution (DS), and an osmotic pressure gradient
which is the driving force of the process.7 Because of the
absence of external hydraulic pressure, FO has several unique
advantages in terms of low energy consumption, efficient water
recovery, low membrane fouling, and easy fouling removal,
compared to conventional pressure-driven desalination
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processes such as reverse osmosis (RO).8,9 However, the lack of
effective membranes and suitable DS had hindered the FO
process development.10,11 In this regard, various researches
focused on FO membranes development during last decade.
Different kinds of FO membranes including phase-inversion,
thin-lm composite (TFC) and layer-by-layer (LbL) have been
fabricated.12–22 Commonly, a high performance FO membrane
requires (1) a thin selective layer with high water permeability as
well as low solute permeability, (2) a highly porous and hydro-
philic scaffold layer with proper water transport as well as low
internal concentration polarization (ICP) and (3) worthy anti-
fouling and anti-biofouling properties.23–25

The ICP is one of the most important FO process challenges
causing to reduce the FO performance.26–28 ICP is mainly
inuenced by specic characteristics of membrane sub layer,
such as the porosity (3), tortuosity (s) and thickness.29,30 The
structural parameter (S, thickness � tortuosity/porosity) has
been introduced as an indicative value to quantify the structure
contribution of the FOmembrane on ICP. Several methods have
been carried out to alleviate ICP via reducing the membrane
thickness8 and increasing the porosity of sub layer.31–33 The
incorporation of the inorganic llers as nonporous materials in
FO membranes can result in signicant changes in the
membrane properties such as morphology, hydrophilicity,
performance and FO performance.24,34–37 In this study, metal
This journal is © The Royal Society of Chemistry 2016
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organic framework (MOF), as a porous nanostructure material,
was applied to improve the structure and performance of FO
membranes. MOFs as hybrid inorganic–organic compounds are
new categories of porous materials with exceptionally large
surface area as well as high pore volume. MOFs have better
affinity for the polymeric chains than inorganic llers because
of the organic linkers present in their structure. Hence, it is
easier to control MOF–polymer interface interactions, and avoid
non-selective voids between the phases. The blend of MOF with
a polymer to form a composite membrane for gas separation
applications has been widely studied.38 Moreover, liquid sepa-
ration studies of MOF mixed matrix membranes have been
carried out for pervaporation39,40 and nanoltration.41,42

The current study aims to investigate the impact of incor-
porating MOF nanomaterial within the cellulose acetate/
triacetate (CTA) matrix for improving the FO membrane
perm/selectivity, and controlling ICP. Cellulose esters are used
in fabrication of FO membranes due to their intrinsic advan-
tages involving low cost, wide availability, high hydrophilicity,
low fouling as well as superior chlorine resistance.43,44 Copper-
based MOF (Cu-BTC, btc ¼ benzene-1,3,5-tricarboxylate) is
considered as one of the most hydrophilic MOFs with a good
affinity and structural stability toward water.45,46 Hence, this
kind of MOF was chosen to improve the FOmembranes. To the
best knowledge of the authors, this is the rst study address-
ing Cu-BTC as a modier to improve the CTA membrane in
terms of structural properties and FO performance during
seawater desalination.
2. Materials and methods
2.1. Chemicals and reagents

CA (39.8 wt% acetyl and average Mn � 30 000) CTA (43–49 wt%
acetyl) were provided from Eastman (USA). 1,4-Dioxane
($99.5% purity), acetone ($99% purity), maleic acid ($99%
purity), methanol ($99.8% purity), lactic acid and sodium
alginate were obtained from Sigma-Aldrich (MO, USA). Sodium
chloride (NaCl, 99% purity) was also purchased from Merck-
Millipore (Germany). MOF applied, Cu-BTC, was synthesized
based on our previous study, where we investigated and opti-
mized the MOF structure by considering the temperature and
solvent content effects on crystallinity, textural properties and
hydrogen storage capacity.47 Characterizations of the synthe-
sized MOF were presented in the ESI, Table S1 and Fig. S1–S3.†
Table 1 Composition and viscosity of the casting solutions

Membrane

Polymer vs. ller (wt%)
Viscosity at shear
rate of 10 s�1 (Pa s)CA/CTA (ratio 4 : 1) MOF

Blank 100 0 33.5
MO-1 97 3 37.6
MO-2 94 6 46.3
2.2. Membranes preparation

Asymmetric FO mixed matrix membranes were prepared by
phase inversion via immersion precipitation method. Blank
CTAmembrane was prepared bymixing CA/CTA (16.7 wt%, 4 : 1
ratio), methanol (5 wt%) and lactic acid (5.7 wt%) in dioxane/
acetone (3 : 1 ratio) as solvent. For preparation of mixed
matrix membranes, two different MOF contents, 3 wt% and 6
wt% (based on polymer content) were loaded in the casting
solution. The specications of casting solution are given in
Table 1. MOFs were dispersed in solvents and then subjected to
the ultrasonic bath for 60 min, prior to dissolution of CTA and
This journal is © The Royal Society of Chemistry 2016
CA in the blend solution. Then, the casting solution kept under
continuous stirring until the solution became completely
homogenous. Aerward the solution was kept steady to remove
the bubbles. The solution was sprinkled and casted on a at
glass plate using homemade casting knife with 75 micron
thickness, followed by 30 s partial solvents evaporation. The
cast lm was immersed in a coagulation bath containing
deionized (DI) water with temperature of 4 �C. The prepared
membranes were kept in DI water at room temperature. Finally,
the membranes were annealed at 80 �C for 15 min in water and
stored in DI water prior to being used. The membranes were
denoted as Blank, MO-1 andMO-2, containing 0, 3 and 6 wt% of
MOF, respectively.
2.3. Membrane characterization

Themorphological studies were accomplished by eld emission
scanning electron microscopy (FESEM) and atomic force
microscopy (AFM). The cross section and top surface
morphologies of the membranes (Blank, MO-1 and MO-2) were
characterized by FESEM (MIRA3 TESCAN) equipped with an
energy-dispersive X-ray (EDX) spectroscopy. All samples were
dried at room temperature in vacuum for 24 h, and then coated
with a uniform gold layer before observation. The AFM device
was a Nanosurf scanning probe-optical microscope (EasyScan
II, Swiss). The surface roughness parameters of the membranes
which are expressed in terms of the mean roughness (Sa), was
calculated from AFM images using tapping mode method via
Nanosurf Easy Scan soware in a scan area of 5 mm � 5 mm.

In order to study the membranes hydrophilicity, the surface
water contact angle of the membranes was measured using
a contact angle measuring instrument [G10, KRUSS, Germany].
To minimize the experimental error, the contact angle was
measured at ve random locations of each sample and the
average value was reported.

Dope solution viscosities with different concentration of
MOFs were measured using a Brookeld (DV2T) viscometer at
25 �C (varied rotational speed of the LV spindle).

Overall porosity (3) of the membranes was obtained by
gravimetric measurement using the following equation:48,49

3 ¼
�
mwet �mdry

��
rw�

mwet �mdry

��
rw þ �

mdry

�
rp
�� 100 (1)

where mdry and mwet are dry and wet mass of membrane
respectively, rw is the water density and rp is the polymer
density.
RSC Adv., 2016, 6, 70174–70185 | 70175

https://doi.org/10.1039/c6ra14591d


Fig. 1 Cross section FE-SEM images of FO membranes, (a) blank, (b) MO-1, (c) MO-2.
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2.4. FO performance and transport properties evaluation of
the membranes

The FO performance of the membranes (water ux and salt ux)
was determined in a laboratory-scale FO setup. The unit
includes two channels with dimensions of 80 mm length, 37
mm width and 5 mm depth, giving the same effective
membrane area of 30 cm2 in both sides. Two diaphragm pumps
(Headon, 2.2 LPM) were applied to pump the solutions. Two
adjustable ow meter were used to set crossow velocity of 21
70176 | RSC Adv., 2016, 6, 70174–70185
cm s�1 in both the FS and DS channels. Both the pressure and
temperature of the feed and draw streams were monitored and
xed. Concentrated NaCl solutions (0.5, 1, 1.5 and 2 M) were
used as DS. DI water was used as FS.

The FO water ux Jw was obtained by measuring the weight
change of FS by a computer at 1 min intervals, using following
equation:

Jw ¼ DVfeed

Am � Dt
(2)
This journal is © The Royal Society of Chemistry 2016
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where DVfeed is the volume changes of FS, Am is the membrane
active surface area and Dt is the evaluating time interval.

The FO salt ux Js was determined by calculating the change
of salt content in the FS based on conductivity measurements
using a computer at 10 min intervals:

Js ¼ VtCt � V0C0

Am � Dt
(3)

where Vt and V0 are the nal and initial volumes of FS, respec-
tively; Ct and C0 are the nal and initial salt concentrations of
FS, respectively.

The intrinsic membrane active layer characteristics, water
permeability coefficient (A) and solute permeability coefficient
(B), as well as S parameter of the membranes were characterized
based on methodology developed by Tiraferri et al.50 The
methodology includes a single FO experiment divided into four
stages, each utilizing a different DS concentration. The FO water
ux and reverse salt ux are measured in each experimental
stage and then least-squares non-linear regression ts the eight
measured data to the corresponding FO transport equations by
using A, B, and S as regression parameters.50 In order to increase
the accuracy of the presented data, an average of three repeated
experiments was reported.
2.5. FO fouling experiments

FO fouling experiments were conducted with the MO-1 and
blank membranes by the laboratory scale FO setup described in
Section 2.4, based on the method described in literature.51,52

The FS contained of sodium alginate dissolved in water at
Fig. 2 (a) High magnification FESEM images of the MO-1 membrane acti
copper.

Table 2 Contact angle and overall porosity of the fabricated
membranes, all data reported as average of three repeated
measurements

Membrane Contact angle (deg.) Overall porosity (%)

Blank 67.3 � 1.5 69.5 � 0.5
MO-1 55.2 � 1.2 89.1 � 0.5
MO-2 51.3 � 1.7 78.2 � 0.5

This journal is © The Royal Society of Chemistry 2016
a concentration of 250 mg L�1. The fouling experiments were
performed under active layer facing feed solution (ALFS) mode
without spacers and cross ow velocities of 8.5 cm s�1 in both
the FS and DS channels. Aer loading a fresh membrane into
FO cell, a baseline experiment was performed using a foulant-
free FS (DI water) to measure the amount of ux declines
derived exclusively from reverse draw solute diffusion and DS
dilution. Sodium chloride DSs were used to generate initial FO
water uxes, Jw0, of about 20 L m�2 h�1 through each of the
membranes. This means the membranes were tested under
same initial water ux (20 L m�2 h�1) but different DS
concentration. The fouling experiment was conducted (with
alginate in the FS) at the same initial ux as the baseline
experiment. Then, fouling experiment data were corrected to
eliminate the ux decline from reverse draw solute diffusion
and DS dilution.51,53 Hence the presented data reect only the
ux decline because of membrane fouling. The baseline and
fouling experiments were conducted up to 24 hours. In order to
evaluate the extent of irreversible fouling, the membranes were
washed for 15 min using 15 mMNaCl solution through the feed
and draw compartments at a cross-ow velocity of 21 cm s�1.
Ultimately, the FO water ux through the washed membrane
was measured under the same conditions as the baseline
experiment.

3. Results and discussions
3.1. Membrane structure and morphology

Fig. 1 shows the cross sections FE-SEM images of the blank and
MOFs modied membranes at different magnications. The
images indicated typical asymmetric structure for membranes,
consisting of two regions: (1) a thin skin layer region at the
upstream side of the membrane, (2) a thick porous support
layer on the downstream side of the membrane.

As shown in the high magnication SEM images, all
membranes had a fully sponge-like structure with inter-
connecting pores. The membranes containing MOF exhibited
more porous cross-section morphology and pore inter-
connectivity than those of the blank membrane. As a result,
ve layer, (b) cross section MAP EDX analysis of the MO-1 membrane for

RSC Adv., 2016, 6, 70174–70185 | 70177
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Fig. 3 Top surface FE-SEM images of the fabricated membranes, (a) blank (b) MO-1, (c) MO-2, (d) EDX results of different spectrums of MO-1
surface, (e) EDX results of different spectrums of MO-2 surface.
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a high porosity of about 89% was obtained for MO-1 membrane
containing 3 wt% MOF (Table 2). Nevertheless, the higher MOF
loading resulted in a less porous structure, as obtained for MO-2
membrane. Generally, a membrane with high porosity is more
favoured in FO process.

The differences between the membrane structures are
generally due to MOF loading in the casting solution and hence
change affecting the thermodynamic and kinetic of the phase
inversion process. High-porosity membrane is the result of
situations that the kinetic or the thermodynamic effects accel-
erate the exchange rate of phase inversion. In this situation, the
microstructural development conrmed that the appropriate
amount of MOF helped to increase the thermodynamic insta-
bility as well as the exchange rate of solvent-non solvent and
Fig. 4 Three-dimensional surface AFM images of the membranes, (a) b

70178 | RSC Adv., 2016, 6, 70174–70185
consequently, a more porous structure formed in the MO-1
membrane. However, less porous structure observed in the
MO-2 membrane can be attributed to the kinetic hindrance due
to a greater viscosity of the casting solution, which overwhelms
the thermodynamic factor (Table 1).54–58

Fig. 2 shows MAP EDX analysis and high magnication
image of the MO-1 membrane top layer. The image indicates
many sub-microns MOF particles existing within the MO-1
selective layer (Fig. 2a). The CTA matrix seems to surround
completely MOF particles, and no gaps observed around them.
Additionally, the MAP EDX analysis well recognized the cupper
within the membrane matrix. This proved that the Cu–BTC/
MOF particles were successfully embedded in polymer matrix,
and a homogeneous distribution was achieved (Fig. 2b).
lank, (b) MO-1, (c) MO-2.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Experimental (points) and predicted (dash lines) data of (a) FO water flux and (b) reverse salt flux for the fabricated membranes using
different concentrations of NaCl DSs, (T ¼ 25 �C, feed ¼ DI water, orientation ¼ ALFS). The predicted data were calculated by the intrinsic
membrane active layer and support layer characteristics (A, B and S parameter).
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Fig. 3 illustrates the top surface FESEM micrograph of the
membranes. The images show that the membrane surfaces are
relatively dense and smooth. All the membranes show similar
morphology with no visual pores observed at the taken magni-
cation. MOF particles can be easily seen in the surface of MOF
mixed matrix membrane (bright points in Fig. 3b and c). The
EDX spectra of six spots on the membranes surface were carried
out to verify the MOF particles (Fig. 3d and e).

The results conrmed that the MOF particles existed within
the active layer of the modied membranes and on their surface
as well. The presence of MOF particles on the surface of
Fig. 6 FO water flux of the membranes in ALDS mode and using differen
standard deviation over runs.

This journal is © The Royal Society of Chemistry 2016
modied membranes occurred during membrane formation, in
which the high affinity of MOF particles to water causes the
particles to migrate to the membrane top layer and concentrate
at the water/membrane boundary to minimize the interfacial
energy.59–61 However, lots of agglomerated particles on the active
layer of MO-2 membrane may reduce selective layer integrity
and thus decrease its performance.

As shown in AFM images, the rougher surface was intro-
duced for mixed matrix membranes containing MOF (Fig. 4).
The surface roughness of the MO-1 and MO-2 membranes
increased about two and three times, respectively which may
t DS concentrations (T ¼ 25 �C, feed ¼ DI water), error bars represent

RSC Adv., 2016, 6, 70174–70185 | 70179
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Table 3 Summery of the transport parameters A, B and the S values of the membranes. The data were calculated by the algorithm developed by
Tiraferri et al.50 The related coefficients of determination (R2) and the corresponding CV are obtained from the same method

Membrane
A
(L m�2 h�1 bar�1)

B
(L m�2 h�1)

B/A
(bar�1)

S
(mm)

Thickness
(mm) s/3 R2 (Jv) R2 (Js) CV (%)

Blank 0.82 0.157 0.191 579 75 � 5 7.7 0.987 0.951 6.8
MO-1 1.41 0.178 0.126 136 67 � 8 2 0.988 0.979 9.7
MO-2 1.73 0.354 0.203 318 70 � 5 4.5 0.985 0.964 8.1
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be attributed to the presence of MOF particles on their
surfaces.

The quality of the interface in the membranes, that is, the
static adhesion strength as well as the interfacial interaction,
usually plays a very important role in the FO membranes to
transfer the water. In this regard, the contact angle analysis was
used to evaluate the surface hydrophilicity or wettability of the
FO membranes. As revealed in Table 2, the contact angle of the
MO-2 membrane decreased about 24%, compared to the blank
membrane, indicating the membrane wettability was improved.
It can be attributed to presence of the hydrophilic MOF particles
within the membrane surface.

The results obviously indicated that MOF loading led to
adjustment of the modied membranes in terms of porosity and
pore inter-connectivity. In addition, hydrophilic surface and
highly porous structure of MOF may selectively absorb water and
provide alternative transport pathways for water media through
the membrane. These features have been tailored to improve the
FO performance of the resultant membranes.
3.2. Membrane performance

In order to investigate the effects of MOF on the membrane
performance, FO water ux (Jw) and solute ux (Js) of the
fabricated membranes were evaluated. High water ux and low
reverse solute leakage are essential for a high-quality FO
membrane. The osmotic water ux (Fig. 5a) and reverse salt ux
(Fig. 5b) of the membranes were measured as a function of DS
concentration when DI water was used as FS.
Fig. 7 Specific salt flux of the membranes at different DS concentration

70180 | RSC Adv., 2016, 6, 70174–70185
Both the experimental data and the predicted data from the
method developed by Tiraferri et al. have been presented.50

Increasing the DS concentration leads to a higher water ux
because of a greater osmotic driving force across the
membranes.62 The reverse solute leakage from DS to FS was
increased due to a higher salt concentration gradient through
the membrane. As it can be seen from Fig. 5a, MOF loading
caused a much higher water ux in the modied membranes
compared to the blank membrane. For example, MOF loading
exhibited about 180% higher FO water ux in the MO-1
membrane than that of the unmodied membrane (2 M NaCl
solution as DS). Higher amount of MOF (6 wt%) decreased the
FO water ux. On the other hand, the incorporating of MOF in
the membrane matrix resulted in a slight increase in solute ux
of the modied membranes compared to the blank membrane.

Fig. 6 shows the membranes performance at active layer
facing DS (ALDS) mode. The FO water ux of the membranes
was considerably increased in ALDS mode. Generally, the water
ux obtained from the ALDS mode is greater than that in the
ALFS mode due to the lower ICP phenomenon in the ALDS
mode.63,64 Similar to the observed trend in Fig. 5a, the MO-1
membrane exhibited the highest FO water ux compared to
the other membranes in ALDS orientation. The FO water ux
reached to about 63 L m�2 h�1 (2 M NaCl solution as DS).

In order to discuss the experimental trends of FO perfor-
mance, the intrinsic water (A) and solute (B) permeability coef-
cients, the S parameter for the membranes were calculated
from the FO experimental data, and the results are summarized
in Table 3. Moreover, the ratio of tortuosity (s) to porosity (3), an
s, error bars represent standard deviation over runs.

This journal is © The Royal Society of Chemistry 2016
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important ratio directly affects the S parameter, is presented. It
is worth mentioning all the R2 and coefficient of variation (CV)
values are within the recommended values of the used meth-
odology. The CVs were calculated between the Js/Jw ratios of the
different stages in each experiment for each themembrane. The
results clearly indicate that the membrane properties depend
on the amount of MOF loaded. The small amount of MOF
particles in the MO-1 membrane led to enhance the water
permeability, whereas the addition of more MOF in the MO-2
membrane resulted in higher water permeability of
membrane but at the expense of selectivity. The B value amount
of the MO-2 was almost twice compared to the MO-1.

Presence of MOF particles may interrupts the CTA chain and
causes an increase in polymer free volume.65 As a result, the
water permeability of the membrane is improved. However,
high loading of MOF in the MO-2 membrane can cause a lower
degree of active layer integrity, reducing membrane efficiency in
salt rejection and increasing solute ux.

Despite the fact that MOF loading slightly increased the B
value, the B/A ratio as an important FO membrane selectivity
parameter reduced in the MO-1 (Table 3). A lower B/A ratio is
Fig. 8 (a) FO fouling curves for the blank membrane and the modified m
model organic foulant. The initial permeate water flux of around 20 L m�2

�C, DS ¼ NaCl 0.5–2 M), (b) comparison between the FO water flux of fo
flow velocity during cleaning step was 21 cm s�1.

This journal is © The Royal Society of Chemistry 2016
generally preferred to enhance selectivity, reduce fouling
tendency as well as more stable FO processes operation.62,66,67 As
can be seen the B/A ratio of the MO-1 membrane was 0.126
bar�1 which is almost 34% smaller than that of the blank
membrane (0.191 bar�1). This indicates that MOF loading
improved the MO-1 membrane selectivity.

The results implied that the A values were not fully consis-
tent with the FO water ux. This indicated that the hydraulic
resistance did not only reect the FO membrane transport
properties.24 The S parameter, an important FO membrane
property which directly affects the ICP, can complete the
explanation trends of FO water ux. As shown in Table 3,
loading of MOF considerably reduced the S parameter of the
modied membranes. For instance, the MO-1 exhibited a much
smaller S value (136 mm) compared to the blank membrane (579
mm). This indicates the signicant improvement of the mass
transfer efficiency for the modied membrane. This is linked to
its lower ratio of tortuosity to porosity (s/3), as shown in Table 3.
However, the S parameter increased to about 318 mm when the
MOF loading increased.
embranes (MO-1). The FS supplemented with 250 mg L�1 of alginate as
h�1. The cross flow velocities of the FS and DS were 8.5 cm s�1 (T¼ 25
aled membrane and recovered after the physical cleaning step. Cross
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Fig. 9 A comparison between water flux of the blank and MO-1 membranes using the Caspian seawater as FS and 2 M NaCl DS in ALFS
orientation, (a) comparison between pure water and seawater flux at the beginning of the experiment, (b) desalination performance stability over
time (T ¼ 25 �C).
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Incorporating MOF into CTA matrix offers a number of
advantages to reduce S parameter. The results of membrane
characterization conrmed that the MO-1 membrane had
superior porosity as well as hydrophilicity compared to the
unmodied membrane (Table 2 and Fig. 1). The higher porosity
linearly affects the membrane S parameter, whereas the
hydrophilicity has an indirect inuence on the S parameter.
Improving the membrane hydrophilicity (wettability) can
maximize as well as minimize the effective porosity and tortu-
osity, respectively.29,68 These effective features refer to the
membrane interconnected region, which can be saturated with
water and may be available for water transport. Likewise, the
pore network within the MOF particles may further enhance the
continuity of water pathways and thus reduces the tortuosity
value of the modied membranes. Furthermore, prominent
feature of the high-surface area of MOF could enable high-water
adsorption capacity.47,69 Both the higher porosity and the lesser
tortuosity resulted in a lower ratio of s/3 in the modied
membrane. These may explain why the MOF particles reduced
70182 | RSC Adv., 2016, 6, 70174–70185
the S parameter in the modied membranes. However, the
higher S parameter in the MO-2 membrane compared to the
MO-1 is attributed to a lower degree of porosity and so a higher
ratio of s/3.

Specic salt ux (Js/Jw) represents the amount of DS loss per
unit of water produced in FO process. A lower Js/Jw ratio is
desirable as it indicates a higher selectivity as well as efficiency
to avoid the DS loss and accordingly severe ICP.67,70,71 As shown
in Fig. 7, low content of MOF particles in the MO-1 membrane
led to the lowest Js/Jw ratio in all DS concentrations, indicating
an excellent water transport without reducing the membrane
selectivity. While the high MOF content in the MO-2 membrane
caused to the highest Js/Jw ratio, demonstrating a declined trend
for its selectivity.

In the case of the MO-1 membrane, the observed decline in
the specic salt ux, Js/Jw, compared to the blank membrane is
attributed to its considerably enhanced A value without
decreasing in the selectivity. Whereas, the less selective layer
integrity for the MO-2 membrane resulted in a higher salt
This journal is © The Royal Society of Chemistry 2016
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permeability, B, and thus increase in Js/Jw ratio. The theory of FO
specic salt ux can support the observed results because there
are a linear relationship between the experimental value of Js/Jw
and the intrinsic membrane active layer characteristics ratio, B/
A.67 At high Js/Jw ratio, the FO water ux decreases as the high
salt concentration increases the ICP and decreases the effective
osmotic pressure across the membrane. This also describes the
decrease in the FO water ux through the MO-2 membrane as
compared to the MO-1 membrane.

It can be concluded that a proper amount of MOF can
considerably improve the membrane properties and FO
performance as well. The high loading rate may lead to particle
agglomeration in the membrane matrix, and consequently may
have the negative effects on the membrane structure and
performance.

3.3. Antifouling properties of the membranes

Fig. 8 represents the fouling curves for the blank and MO-1
membranes. The curves present the slight decline in water
ux for both membranes due to fouling caused by extremely
high foulant concentration (Fig. 8a). The MO-1 membrane
exhibited smaller water ux decline (about 24%) than the blank
membranes (around 40%). Fig. 8b shows the membranes ux
recovery, demonstrating a greater recovery of water ux for the
MO-1 membrane. Both results, smaller ux decline and higher
ux recovery, conrm the higher antifouling property for MOF
mixed matrix membrane.

The reverse diffusion of draw solute to the FS results in salts
accumulated region at the active layer and feed stream inter-
face. This phenomenon reduces the effective osmotic driving
force, and hence a reduction of the FO water ux. Alginate layer
that accumulate on the membrane surface exacerbate these
effects through cake-enhanced osmotic pressure (CEOP).72

Whereas the membrane surface properties can intensify or
alleviate the fouling propensity.
Fig. 10 Comparisons of FO performance of the MOF modified membran
DI water, DS ¼ NaCl 0.5–2 M, T ¼ 20–25 �C).

This journal is © The Royal Society of Chemistry 2016
Hydrophilic surface can provide effective alterations on the
membrane surface interaction with organic foulants. The thin
water lm that forms on a hydrophilic surface through
hydrogen bonding prevents deposition of foulants and thus
provides a lower fouling propensity.73 Therefor, the lower water
ux decline of theMO-1membrane can be attributed to its more
hydrophilic surface which is the result of MOF loading. On the
other hand, rougher surface can enhance fouling tendency on
the membrane surface because of greater surface area for fou-
lants attachment and possibility of their accumulation in
valley.74 The fouling experiment results obviously indicated that
in this case, the surface hydrohplicity of the MO-1 membrane
predominantly resulted in an advanced antifouling property for
MOF mixed matrix membrane.

3.4. Seawater desalination performance

In order to verify the opportunity of MOF loading in enhancing
desalination performance of the FO membranes, the blank and
MO-1 membranes were examined using the Caspian seawater
and 2 M NaCl solution as FS and DS, respectively. Fig. 9 shows
the corresponding results. The seawater composition was pre-
sented in ESI (Table S2†). The MO-1 membrane demonstrated
a noteworthy seawater ux of almost 30 L m�2 h�1 at the
beginning of experiment, while the FO seawater ux through
the blank membrane was approximately 10 L m�2 h�1 (Fig. 9a).
Correspondingly, the membranes were continuously tested
under seawater desalination, and the results of FO water ux
decline during time were presented in Fig. 9b. The MO-1
membrane exhibited a very stable FO water ux during the
entire testing period, so that only 6% reduction was observed
that the initial ux. Instead, the blank membrane showedmuch
more reduction in water ux (about 22%) than its initial ux.
These observed FO water ux decline during seawater desali-
nation are attributed predominantly to membrane fouling and
DS dilution. As discussed in the membrane characterization,
e with various FOmembranes in literature. (Orientation¼ ALFS, feed ¼

RSC Adv., 2016, 6, 70174–70185 | 70183
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MOF loading caused a higher water permeability and lower S
parameter in the MO-1 membrane than those of the blank
membrane. Thus, it is not surprising to see a much higher FO
water ux through the MO-1 membrane during seawater desa-
lination. Likewise, the more stable FO water ux of the MO-1
membrane during seawater desalination can be attributed to
its antifouling properties which is provided by MOF loading.
3.5. Performance comparison with other FO membranes
reported in literature

Fig. 10 compares the FO performance of MO-1 membrane
developed in this study versus other FO membranes in the
literature. The data were presented in ESI (Table S3†) where
references were also provided. This graph presents a trade-off
between FO water permeability (Jw to the theoretical osmotic
pressure) and FO selectivity (Js/Jw, specic salt ux). The high
degree of perm-selectivity is essential for a high-performance
FO membrane. A greater circle means superior overall perfor-
mance in terms of both FO perm-selectivity. The MO-1
membrane containing 3 wt% MOF exhibited high perfor-
mance of FO water permeability as well as selectivity, compared
to other recent FO membranes. Moreover, the performance of
MO-1 membrane is comparable with newly developed TFC
membrane by R. C. Ong et al.23 While, cellulose esters based
membranes may be preferred because of their intrinsic advan-
tages including low cost, wide availability, high hydrophilicity,
low fouling and superior chlorine resistance.43,44
4. Conclusions

The MOF was successfully embedded within the CTA
membrane matrix to improve the performance of FO
membranes. The characterization results indicated that the
MOF particles existed within the membrane matrix and
improved its properties in terms of perm-selectivity and struc-
tural parameter. Hydrophilic surface and highly porous struc-
ture of Cu-BTC particles can selectively absorb water and
provide alternative transport pathways for water media through
the membrane. Improving the membrane hydrophilicity
predominantly resulted in an advanced antifouling property for
MOF mixed matrix membrane. The modied membrane
exhibited much higher performance in FO process as well as
desalination, compared to the most FO membranes developed
in recent studies. These observations suggest that MOFs can
take the FO membranes to the next level of performance and
capability.
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