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Abstract. Forward osmosis (FO) is an emerging osmotic process that has been extensively
investigated in the past decade. There are many literatures, discussing on the available methods
in producing FO membranes as well as researches that emphasis on the type of FO membranes.
The quality of the FO membrane often valued based on its intrinsic parameters and its
morphological characteristics. Unlike the intrinsic parameters, the surface characteristics
regularly described in adjectives thus it is hardly to be consistent. This paper presents a
comprehensive review on surface characterization specifically for FO membranes. Regardless
the types of FO membranes, the surface characterization comprises of FTIR, XPS,
FESEM/SEM, AFM and contact angle were discussed in the way that how the findings should
be reported. Thus, through this work, the relevant discussion that should be measured and
included when deliberating the analysis result for FO membranes is presented. Insufficient and
misinterpreted characterization data might have not changed the novelty fact of the research,
yet it may lead to lower its impact. A strong connection between the intrinsic values and
surface characteristics would have been compromised as well.

1. Introduction

Forward osmosis (FO) is an emerging technology that promises to provide a sustainability of the
global water supplies and is currently drawn considerable attention in the membrane process
researches. This is probably because FO process does not require high pressure during operation as it
works based on the naturally occurring process where water permeate across the membrane driven by
the osmotic gradient between two solutions with significantly different concentrations. Therefore, the
process consumed very low energy for water production [1]. As no hydraulic pressure is applied in
FO, the potential of the membrane fouling can be reduced [2]. Nevertheless, fouling is considered
significant issue in FO as it is also contributed to the lower water flux. Generally, in a pressure-driven
process, fouling was categorized to four different classes namely colloidal fouling, inorganic fouling,
organic fouling and biological/microbial fouling as depicted in Figure 1 [3]. Colloidal fouling is
typically described when there are particles or colloidal deposition on the membrane surface while
organic fouling is the result of the adsorption of macromolecular organic compounds that is usually
found in natural organic matters (NOM). Whereas, inorganic fouling is caused by the accumulation of
inorganic precipitates that initially forms scales on the membrane surfaces and then followed by the
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crystallization and crystal growth [4]. The adhesion and accumulation of the microorganism at the
surface of the membrane generates a biofilm that known as biological fouling.

Organic fouling Biological fouling

Figure 1 Schematic illustration of four different types of fouling. Redrawn from [4, 5]

Similarly, all the fouling mechanisms in pressure-driven process also occurring in FO except that it
might be occurring at both surfaces; the active layer and support layer [6]. This is because in FO
process, the direction of the flow involved two ways which is the water flux from feed solution (FS)
towards draw solution (DS) and the solute flux from DS towards FS. The flow between both sides of
the membrane in FO process shows great non-linearity behavior compared to pressure-driven process
in regard to the permeability of the membrane and the osmotic pressure difference between the two
solutions (FS and DS). There seems to be some evidence to indicate that internal concentration
polarization (ICP) is the reason of the hindered linearity in the mass transport of the FO process [7-9].
Tiraferri et al, have previously examined the water flux and the solute flux in FO process obtained
from various types of membranes including hand-cast thin film composite (TFC) membrane,
commercial (cellulose triacetate (CTA) from Hydration Technology Innovation) FO membrane, TFC
(SW30, Dow Chemical Company, Midland, MI) reverse osmosis membrane and TFC FO membrane
(from Oasys Water Inc., Boston, MA) [10]. In their analysis, they found that the water flux for the
membrane (that is specifically produced for FO process) which is hand-cast TFC, CTA FO and Oasys
TFC FO are greatly high as compared to the TFC SW30 (reverse osmosis) membrane.

The concentration polarization (CP) commonly found in pressure-driven membrane where it
exists at the interface of the membrane and the solution. This CP is referred to external concentration
polarization (ECP) as it mainly accumulates at the surface of the active layer (denser layer) [11]. On
the other hand, ICP basically the results of accumulation or buildup of solutes that creates a
concentration barrier between the two solutions inside the porous layer of the membrane in which it
highly affecting the osmotic pressure difference [12]. Considering the osmotic pressure difference is
the driving force of the FO process, it is fair to say that the existence of ICP is significantly distressing
the water flux, hence the efficiency of the membrane process. Thus, developing a membrane with less
porosity in support layer for FO process is necessary. Therefore, many researches were reported in
innovating more practical membranes for FO via varieties of methods including all available surface
modification methods, layer-by-layer method, and not so long ago introduced biomimetic methods
[13-17]. Prior to understand the ideal characteristics of produced membrane, it is necessary to
recognize the fouling issues and mass transport inside FO process. The ideal membrane for FO ought
to have minimal porosity for the support layer, highly hydrophilic, mechanically strong enough for
reasonable pressure tolerance, anti-fouling, very thin and stable in contact with FS and DS [18]. The
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membrane characteristics is typically observed through various surface characterization methods and
instruments.

Although the surface characterization is widely adopted almost in every research, but the complete
discussion on the characteristic values often not provided. This paper focuses on the comprehensive
review of the surface characterization method during fabrication and/or modification of the FO
membrane. Various methods used to fabricate and modify membranes for FO process will be revised
followed by the discussion on discrete membrane characteristics and surface characterization methods
in FO. Specifically, the appropriate way to deliberate the surface characterization method is addressed.
By highlighting these proper discussions, a vital information to guide researcher to extant complete
explanation of the data in their works is presented.

2. Fabrication and modification methods of FO membrane

Due to various advantages offered by FO technology, many researchers are interested innovatively to
prevail and vanquish its limitation and improve its efficiency [19-22]. Practically, an FO membrane
must consist of a very thin and dense active layer together with more porous layer also known as a
support layer. Since 1960s, the usage of cellulose acetate (CA) and CTA based FO membrane have
been extensively studied and commercially available for FO application regardless of the modules [23,
24]. These membranes were fabricated through phase inversion, a technique that can produced very
thin and fine membrane layer thus providing very low structural parameter (S) value for the membrane
which make them perfectly suit for FO membrane. Currently, the commercially available FO
membrane is developed by the Hydration Technologies, Inc. (HTI) made of the CTA [25]. However, it
is poor in water permeability and have a low percentage of salt rejection Li, Yan [26], [27]. It is also
can easily degrade to certain draw solution compositions [28].

The cellulose-based membranes were dominant till the initiation of the TFC membranes in 1970s [29-
32]. TFC is another type of membrane that is fabricated for FO applications. Commonly, it involves
interfacial polymerization techniques on the RO and NF based membranes specifically on polysulfone
(PS) or polyethersulfone (PES) [33-36]. It is either coated on hand cast membrane or commercial
membrane. The crosslinked process responsible to increase the selectivity level of the TFC membrane
specifically for the active layer while making sure the support layer remains intact. Nevertheless, the
existence of support layer has caused the ICP issue in TFC FO membranes [37]. Therefore, a low
structural parameter (S) value in TFC FO membrane will reduce the ICP and thus increase the
efficiency of the membrane [38]. Moreover, TFC is still the current growing membranes fabricated for
FO applications [39]. Table 1 presented the summary of the most recent TFC-FO membrane with its
intrinsic parameters. An alternative technique using nanofibers by means of an electrospinning
technique has also been previously discussed [31]. This technique provides higher permeability and
low tortuosity membranes, thus a better version of TFC FO membrane [40].

As far as the ICP issues is highly concerned, no solutions to this issue has been found so far. A
potential way to auxiliary this membrane process is by using polyelectrolytes-based membranes [14].
Over the last decades, the study on polyelectrolytes membranes have been broadly investigated [41-
43]. This type of membrane is usually consisting of a layer-by-layer (LbL) deposition of cationic and
anionic electrolyte-films onto a membrane support. Common polyelectrolytes employed for LbL
membrane fabrications are chitosan (CS), poly (sodium styrene sulfonate) (PSS), poly(ethyleneimine)
(PEI) and poly (acrylic acid) (PAA) [44-46]. The LbL polyelectrolyte membranes are high in
selectivity and flux [14]. Moreover, they have great solvent resistance and thermal stability [14, 42].
However, it is found that it is difficult to assemble the membranes through LbL method in large scale
hence limit the option for industrial applications [32].
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Table 1 Summary of current fabricated TFC-FO membranes

Water Solute Structural
Membrane Permeability Permeability Parameter Ref.
(LMH bar™) (LMH) (um)
Sulfonated poly (ether ether
ketone) casted- PSF TFC 2.16 0.16 191 [471
Nanofiber Polyamide TFC 3.68 0.32 340 [48]
Carbon Nanotube TFC-FO 2.45 0.119 126 [49]
PES TFC-FO 1.93 0.573 324 [49]
Polyamide TFC 1.94 0.52 289 [50]
Polyimide microporous 15.9 285 350 [39]
nanofiber

Another potential way to circumvent the problem of ICP is surface modification, whereby grafting a
hydrophilic monomer onto the hydrophobic or less hydrophilic monomer [51, 52]. In general, there are
three ways of modification processes in membrane namely bulk modification, surface modification by
physical methods and chemical methods [53]. Over the past century, there has been a dramatic
increase in the surface modification of the membrane compare to bulk modification. This probably
because the modification of bulk membrane will involve the whole membrane layers which in the case
of enhancing the hydrophilicity of the active layer, the support layer will also increase in
hydrophilicity and thus become swelling and plasticize or it could swell differently in different
substrates hence provide less mechanical stability [54]. Despite varieties of membranes surface
modifications, grafting seems to be the simplest modification techniques. Several methods for
membrane surface modifications are including chemical, photochemical, plasma, enzymatic and UV
grafting [55].

To date, the most available membranes in industries are fabricated for pressurize membrane processes
and typically comes with asymmetric structure [56]. The asymmetric membranes are usually consist of
a thin active layer, backed by thicker layers of porous polymer and fabric support [57, 58]. Figure 2
presents the comparison between the membrane structure for FO membrane and pressurized RO/NF
membrane. Apparently, the structure of pressurize membrane (RO/NF membrane) is thicker and more
tortuous than the FO membrane which has been the main reason why the ICP issues in pressurize
membrane is very significant [9]. It has been reported that it performs poorly when used for FO
process undoubtedly because of the boundary layers that build up within the supporting layers [59].

a) b)

Active _:T
layer

Figure 2 Schematic illustration of skinned asymmetric a) FO membrane and b) RO/NF
membrane structures [2]
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Apart from that, several attempts applying the commercial RO membrane in FO system shows
depressing results as a very low flux reported [28, 60]. The same performance of FO was also obtained
earlier through RO asymmetric membrane and main issue of the ICP occurrence in which is related to
the thickness of the membrane is identified [7, 61]. Similarly, the performance of the FO were too low
when the modified commercial NF membrane is employed in the system [62, 63]. Considering this
issue, significant flux was obtained when the fabric support layer of polyester (PET) were removed
from the commercial RO membrane [10, 64]. Moreover, the effective structural parameters observed
on the removed-PET membrane were found to be very small compare to the membrane with PET
support. Since the fact that abundance of available commercial NF/RO membrane in industries, there
seems to be some suggestion to indicate that enhancing the surface hydrophilicity of the pressurized-
based membrane leading to a great opportunity in solving the issue of FO membrane design [65, 66]

3. Characterization of the functional groups (FTIR)

The common techniques employed for surface characterization are Fourier transform infrared
spectroscopy (FTIR). This method is probably the utmost prevailing analytical techniques for the
clarification of the structure, composition and functional groups of polymer surfaces including
membranes [67]. The results of the FTIR analysis are usually presented in the graph figures with either
absorbance or transmittance as a function of the wavelength. Frequently, if the membrane is fabricated
for FO application, the spectrums of the chemical functional group must first be known and thus it can
be directly spotted on the peaks of FTIR results [68]. Whereas in the case of membrane modifications,
the functional groups are typically interpreted based on the structure and number of the peaks exist in
the modified sample [67]. The infrared characteristics of the unmodified sample are first to be figured,
thus, new peaks on the modified sample can be easily noticed. For instance, in the case of UV-grafting
of the commercial asymmetric PES NF membrane with N-vinyl pyrrolidone (NVP), the amide group
of C=0 is one crucial criterion in defining the successful grafting of NVP monomer on a PES
substrate. The amide group is presented in the range between 1640-1690 cm-1 [69, 70]. As the
remarkable functional group of the new monomer is determined, it can be easily marked on the
modified spectrums as shown in Figure 3 while compare it to the spectrum of unmodified PES. Else,
the common spectrum of the PES membrane can be referred from Table 2 though the new peaks that
outstandingly exist after the modification can be spotted.

In an investigation on modified polyvinylidene difluoride (PVDF) nanofibers for FO process, [71]
presented both the peaks of FTIR spectrum for unmodified PVDF and the nylon 6,6 deposited PVDF
together with the nylon 6,6 itself. The new peaks were observed at 1661cm-1 and 1544cm-1 exhibit
the peaks for C=0 stretching of amide and C-N stretching of amide II respectively. The observed
peaks are very cleared, and it represent the new functional group of the modified fibers as the evidence
of successful integration between nylon 6,6 and the PVDF support [71]. Another way of presenting
convincing FTIR results analysis were shown by Emadzadeh et al. [72] where they incorporated
titanium dioxide (TiO,) on the polysulfone matrix. They have included the spectra for pristine PSf and
PSf substrate together with the PSf-TiO, nanocomposite membrane. These provide substantial
evidences for the existence of Polyamide (PA) on the membrane where both pristine PSf and PSf
substrate shows no indication of the characteristic peaks. Nevertheless, in some cases the obtained
peaks could appear very indistinct or almost not appear, thus does not signify the exact peaks that were
expected. For instance, the FTIR spectrum that were presented by [73] where they compare the
spectrum for unmodified polyacrylonitrile (PAN) membrane with the mixed matrix membrane of
silica gel deposition on PAN membrane. Although, they claimed that a new peak was observed at
1050cm-1 which represents the Si-OH stretching, the peak was rather the increase in intensity of the
existed peak as it is also observe at very low intensity on the unmodified spectrum. Thus, if any
changes are to be expected on the spectrum of the membrane after the modification has been
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implemented, one must know what are the expecting spectrum that might appear, hence proper idea
can be concluded.

1.2

un-grafted

o= s

~.
S
-

UV-grafted

o
o0

_____

Transmittance
o
[=)]

o
»

0.2

o |
500 750 1000 1250 1500 1750 2000 2250 2500
Wave number (cm-1)

Figure 3 FTIR spectra of the pristine NF PES membrane and the NVP UV-grafted NF PES
membrane. Adapted with permission of the authors [69]

Table 2 Infrared characteristic for the unmodified PES membrane [74]

Functional group  Type of vibration Characteristic absorptions (em™) Intensity
C=C stretching 1400-1600 strong
C-0-C stretching 1000-1300 strong
0=S=0 asymmetric stretching 1321 & 1296 two bands
0=S=0 symmetric stretching 1147 sharp peak
C-H aromatic stretching 3000-3100 medium
C-H aliphatic stretching 2850-3000 strong

The low intensity peaks were too observed in an investigation of LbL polyelectrolyte membranes for
FO applications, where both poly (allylamine hydrochloride) (PAH) and poly (sodium 4-
styrenesulfonate) (PSS) were crosslinked with glutaraldehyde and UV light exposure respectively on
the PAN membrane [75]. Although, it was found at low intensity, they are clearly new peaks as it did
not appear in the sample before the UV exposure was applied. Additionally, the authors confirmed the
existence of the chemistry elements through X-ray photoelectron spectroscopy which will be discussed
in the later section. Similarly, the spectrum of the PAN membrane is presented by [76]. In addition to
this, the importance of wavelength range is seeming to be one of the criteria that need to be considered
as the peak of the spectrum cannot be clearly recognized when shorter wavelength is displayed. For
example, from FTIR Figure presented by [77]. Although the peak is clearly observed at expanded
wavelength, but it is nearly impossible to appear as the authors present shorten wavelength range. By
employing FTIR, the spectrum of the unmodified and modified membrane must be crucially presented
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in the arguments. The results of the FTIR would be adequate to acknowledge the existence of
the certain functional group, only if when the peak can be clearly identified.

4. Characterization of chemical composition (XPS)

The X-ray photoelectron spectroscopy (XPS) is spectroscopic technique capable of providing atomic
and molecular information about the surface of a solid material [78]. Commonly, it is used to obtain
surface composition of homopolymers, copolymers, polymer blends, and grafting [79, 80]. The used
of it were also discussed in varies others application. XPS is a high degree of chemical specificity
application in terms of composition and structure. The graph resulted from XPS will be interpreted by
the database and peaks of all elements will be identified. As the chemical bonds of the chemicals used
in the membrane fabrication process will be included in the XPS results including its intensity, thus it
is appropriate to mention the chemical bonds that exist in any particular chemicals for the case of
membrane fabrication.

In most cases, XPS results is used to confirm the outcomes of the FTIR especially when it is
debatable. For instance, in the case of membrane modification, Rahman and Seman [77] conduct a
surface modification study on NF PES membrane to enhance the water permeability in FO via UV
grafting using acrylic acid as the monomers. They claim that they found the new peak of carboxyl on
the wavelengths of the membrane though it is very unclear, hence the XPS data were provided to
confirm the presence of this functional group. Figure 4 a) and b) are the spectra obtained by XPS for
both unmodified NF PES membrane and modified NF PES membrane respectively. These clearly
confirmed the existence of the carboxyl group on the modified NF PES membrane although it is
hardly appeared on the FTIR results. Besides, since the results of XPS spectra is summarizing the
whole compositions, therefore, accurate conformation can be accomplished. Providing supportive
evidences or references for similar cases are very convincing and sensible as for this case, similar
trends of XPS results were too observed by [81].

Moreover, the XPS also providing the information regarding the intensity of the newly formed
chemical bonds on the surface where the preliminary suggestion on the thickness of new layer can be
presumed. A study which set out to modify the surface of polysulfone (PSf) with polydopamine (PDA)
at different coating times have shown that the intensity of the PDA is increases with time. These
suggested that, different thickness of modified layer was attained and since the spectra due to PSf were
also detected, this concise that the modified layer was thinly present. The authors set 10nm limitation
for XPS penetration, therefore, the thickness of a new layer are less than 10nm [82]. To determine the
effects of the modified layer, it is necessary to include both unmodified and modified XPS spectra
over the discussion.

In a recent study conduct by Song et al. [83], they provide both Cls and wide scans spectra to
distinguish the intensity of the elements for each CA and its modified substrate. Based on the analysis,
it is clearly indicating that the presence of Nls signal only in the CA-polyvinyl and polydopamine
modified. Knowing the chemical compositions through XPS promote a good suggestion to whether
chemical crosslinking did happen or otherwise in the case of interfacial polymerization. This theory
was described by Zheng et al. [84] where fewer crosslinked polyamide structure were observed based
on the XPS analysis due to higher concentration of sulfonated polysulfone in the substrate ratio that
leads to competitive reaction between water and M-phenylenediamine to react with trimesoyl chloride.
In contrast the intensity of presented elements was used to described the changes of the modified
surface [15].
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Figure 4 XPS spectra for a) unmodified NF PES membrane and b) modified NF PES membrane.
(Adapted with permission from the corresponding author) [77]



Energy Security and Chemical Engineering Congress IOP Publishing
IOP Conf. Series: Materials Science and Engineering 736 (2020) 052026 doi:10.1088/1757-899X/736/5/052026

5. Characterization of the membrane surface roughness (AFM)

Atomic force microscopy (AFM) provides capability of imaging the variety of material properties
through mechanical interaction between the tip and the membranes [85]. These advantages allow AFM
to map, differentiate and classify the multicomponent material on the membrane surface easily which
hardly obtained when using electron or photon scanning. In FO, the roughness is associated to fouling
wherein higher fouling tendencies were found on rougher surfaces [86]. Many researchers agree that
higher surface roughness offers more spaces for organics foulants to attach. When the roughness is
observed, the image of ridge and valley can be clearly identified with brighter color represent the ridge
and darker color is the valley [87].

Upon interpreting the AFM results, all the parameters in characterizing the surface topography of
membrane surface must be understood and clearly justified. The mean roughness (Ra) and the root
means square roughness (Rq) are the most used parameters [88]. Meanwhile some prefer to include
the maximum profile peak height (Rp), maximum profile valley depth (Rv) and maximum height of
the profile (RT) [82]. Ra and Rq can be calculated in the Eq. 1 [89] and Eq. 2 [90], respectively.

R, = J;12()ldx (1)
R, = N,ch' |Z2(x)|dx ?

where L is define as the surface profile measure in terms of height (Z) and position (x) of the sample
over the evaluation length (L). Rather, the parameters can be easily and quickly analyzed via many
available software [91].

Theoretically, both Ra and Rq only showing the mean absolute profile of the surface in which that
many surfaces profiles might have the same Ra and Rq values although at different surface roughness.
Because both parameters only depend on the average profile of the heights, the fluctuation on the
surfaces cannot be distinguish accordingly. Therefore it is not relevant to say one surface is rougher
than the other based on Ra and Rq. Though, many previous works stresses on these parameters
probably because it is the most common parameters discussed and regardless of the roughness
distribution, roughness can be measured by these two parameters [92, 93]. Whereas some authors
restrained to compare the roughness of the surfaces using any of the parameters, provided that in most
cases it can be clearly seen through AFM images particularly the peak and valley [94]. Nonetheless,
parameters like Rp, Rv and RT can be considered to study on the undulation of the surface roughness.
Especially when the height of both peaks and valley need to be known.

In the case of FO, the AFM characterization were accomplished to determine the surface roughness of
fabricated membrane or to distinguish the surface of the membrane before and after modification
and/or to differentiate the roughness levels after the modifications at varieties conditions and
limitations. Given that, the increase in surface roughness would provide larger surface area which
should lead to more feed water contact, however, due to the valleys structure on the rougher surface,
fouling tendency are more significant [95, 96].

6. Characterization of the membrane structure (SEM/FESEM)

The scanning electron microscopy (SEM) and field emission scanning electron microscopy (FESEM)
are the most dominant membrane characterization instruments among others that dealt with electron
microscopy. This might be due to advantages that analysis works can be done with the bulk sample.
Similar to other characterization techniques, if the membrane is fabricated and/or modified, scanned
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image of the membrane must be crucially embraced and both unmodified membrane and modified
membrane should be presented in the case of membrane modification.

Typically SEM is used to present either any of the top surface structure, bottom surface structure,
cross-sectional image of the whole membrane structure or cross-sectional image of the dense and
porous layer structure separately. Equivalent to what have been reported by [97] where investigators
examined the post-treatment induced effect on the TFC-FO membrane microscopic structure. They
show the SEM imaging of the top and bottom surface each of modified membrane as well as
comprehensive cross section of the samples. Else, one can simply offer the whole cross-sectional area
of the membrane and pin point the area that will be magnified for further imaging details [83].
Additionally, the thickness of the membrane also can be retrieved from the same images.

It is interesting to note that the visibility of the newly induced substances on the membrane are not
always observable from the SEM images although the chemicals functional group or bonds might have
been clearly spotted in FTIR or XPS. This is similar to the recent investigation reported by [21] where
they found that similar images were formed via SEM for both commercial TFC FO membrane and
Sulfobetaine Methacrylate (SBMA) polymerized-TFC FO membrane. However the presence of Poly-
SBMA was clearly confirmed by FTIR. Somewhat, in most cases it is comparatively visible in both
surface chemistry and morphological characterizations techniques. A1203 nanoparticles were added to
the thin film nanocomposite (TFN) membranes and show large “leaf-like” morphological structures
while certain peaks observed via FTIR analysis indicate the successful integration of the nanoparticles
[98]. These are because FO membrane is typically very thin, and any modification applied onto the

fabricated membranes were driven to create a finely layer. Hence the unclear images of FESEM/SEM.
7. Characterization of the membrane wettability (Contact angle)

Typically, contact angle (CA) is the simplest experiment to test a hydrophilicity or hydrophobicity of a
membrane surface by simply placing a drop of liquid on the membrane surface, hence leads to the
formation of an interface between two phases [99]. The angle known as contact angle is defined as the
tangent line drawn at the droplet curve to the points where it intersects the membrane surface based on
three contact points. Figure 5 clarify the angle mentioned for measuring wettability. The full range
angle of hydrophilicity/hydrophobicity are as presented in Table 3.

Out of many methodologies that have been reported earlier for CA measurements, the most common
adopted way is the sessile drop method. However, the measurement of the CA for the porous surfaces
such as membrane would be very difficult, and the result is questionable. This is because of the two
phenomenon that might occurred after the water is dropped to the membrane surface; absorption and
spreading. Both are described in Figure 6. In addition to that, the evaporation of the liquid also
contributes to the inclined volume of liquid drop. Therefore, the protocol in handling the wettability
test must be standardize for all samples compare with control sample. In one known recent research
work, it was observed that the water contact angle (WCA) of all membranes reduces expressively in
the first 10 seconds and became slowly decreases after. The WCA were recorded at 2 minutes for each
where they noticed the declination getting stable [83]. The WCA can be measured from the averages
of WCA taken at least at three different points on each membrane surfaces to enhanced the accuracy of
the outcomes [19].
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b)

Figure 5 Scheme of the determination of angle for a) hydrophobic and b) hydrophilic [100]

Table 3  Full range of contact angle (6°) with defined level of wettability [101].

Wettability Angle (°)
Super hydrophobic 150°-180°
Hydrophobic 90°-150°
Hydrophilic 5°-90°
Super hydrophilic 0°-5°

One of the important things to know when dealing with the CA is that the active and support layer are
usually have different WCA values. This is due to the hydrophilicity level of the FO membrane itself
where support layer often less hydrophilic than the active layer [102]. To date, as various methods
have been developed and introduced to enhance the performance of FO membrane while following its
ideal standard, [19] found themselves a different type of FO membrane comes with no support layer.
The polytriazole-co-oxadiazole-co-hydrazide (PTAODH) membrane simply having two surfaces of
similar material, pore size and hydrophilicity yet the robustness of the membranes is not convincing
[19]. The length of the period within when the liquid is dropped to the membrane surface and when
the measurement of the angle was taken should have been standardized for each sample measured.
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Figure 6 The two phenomenon that occur on the porous surface after a drop of liquid (mostly
water) is placed. (Adapted from books edited by [103])

8. Conclusions

This paper presents an insight review on surface characterization of FO membranes. Regardless the
types of FO membranes and the methods of producing it, the surface characterization comprises of
FTIR, XPS, FESEM/SEM, AFM and Contact angle were discussed in the way that how the findings
should be reported. This work can’t be considered as the guidelines to interpret the characterization
analysis, rather it is showing the relevant discussion that should be measured and included when
deliberating the analysis result for FO membranes. Generally, as the issues with FTIR have been
address earlier, the spectrum values should be presented within relevant wavelength. Although
characterization using XPS is automatically interpreted by the equipment itself, a figure shown the
XPS spectra is highly reassured to be included in the report. Similarly, it is also preferred in presenting
FESEM/SEM and AFM results. As the contact angle measurement is usually not suitable for porous
surface like membrane, more control should have been taken if one wants to consider using it as to
measure the wettability properties. Insufficient and misinterpreted characterization data might have not
changed the novelty fact of the research, yet it may lead to lower its impact. Appropriate characteristic
evidence and discussions of the fabricated or modified membrane would be very convincing for the
research.

Acknowledgement

This research was supported by the Ministry of Education (Higher Education) Malaysia Fundamental
Research Grant FRGS/1/2016/TK02/UMP/02/8 (RDU160127), and Universiti Malaysia Pahang.

12



Energy Security and Chemical Engineering Congress IOP Publishing
IOP Conf. Series: Materials Science and Engineering 736 (2020) 052026 doi:10.1088/1757-899X/736/5/052026

References

1. Karabelas, A., C. Koutsou, M. Kostoglou, and D. Sioutopoulos, Analysis of specific energy
consumption in reverse osmosis desalination processes. Desalination, 2018. 431: p. 15-21.

2. Akther, N., A. Sodiq, A. Giwa, S. Daer, H. Arafat, and S. Hasan, Recent advancements in
forward osmosis desalination: a review. Chemical Engineering Journal, 2015. 281: p. 502-
522.

3. Tiraferri, A., Membrane-based water treatment to increase water supply.2014.

4. Choudhury, R.R., J.M. Gohil, S. Mohanty, and S.K. Nayak, Antifouling, fouling release and

antimicrobial materials for surface modification of reverse osmosis and nanofiltration
membranes. Journal of Materials Chemistry A, 2018. 6(2): p. 313-333.

5. Jiang, S., Y. Li, and B.P. Ladewig, A review of reverse osmosis membrane fouling and control
strategies. Science of The Total Environment, 2017. 595: p. 567-583.

6. Hong, S. and H.K. Shon, Membrane fouling in forward osmosis processes. Forward Osmosis:
Fundamentals and Applications, 2015.

7. McCutcheon, J.R. and M. Elimelech, Modeling water flux in forward osmosis: implications
for improved membrane design. AIChE Journal, 2007. 83(7): p. 1736-1744.

8. Bui, N.-N., J.T. Arena, and J.R. McCutcheon, Proper accounting of mass transfer resistances

in forward osmosis: Improving the accuracy of model predictions of structural parameter.
Journal of membrane science, 2015. 492: p. 289-302.

9. Cath, T.Y ., A.E. Childress, and M. Elimelech, Forward osmosis: principles, applications, and
recent developments. Journal of membrane science, 2006. 281(1): p. 70-87.

10. Tiraferri, A., N.Y. Yip, A.P. Straub, S.R.-V. Castrillon, and M. Elimelech, A method for the
simultaneous determination of transport and structural parameters of forward osmosis
membranes. Journal of membrane science, 2013. 444: p. 523-538.

11. Phuntsho, S., S. Sahebi, T. Majeed, F. Lotfi, J.E. Kim, and H.K. Shon, Assessing the major
factors affecting the performances of forward osmosis and its implications on the desalination
process. Chemical Engineering Journal, 2013. 231: p. 484-496.

12. McCutcheon, J.R., R.L. McGinnis, and M. Elimelech, Desalination by ammonia—carbon
dioxide forward osmosis: influence of draw and feed solution concentrations on process
performance. Journal of membrane science, 2006. 278(1-2): p. 114-123.

13. Shibuya, M., M. Yasukawa, S. Mishima, Y. Tanaka, T. Takahashi, and H. Matsuyama, A thin-
film composite-hollow fiber forward osmosis membrane with a polyketone hollow fiber
membrane as a support. Desalination, 2017. 402: p. 33-41.

14. Qiu, C.,S. Qi, and C.Y. Tang, Synthesis of high flux forward osmosis membranes by
chemically crosslinked layer-by-layer polyelectrolytes. Journal of membrane Science, 2011.
381(1-2): p. 74-80.

15. Lu, X., S. Romero-Vargas Castrillon, D.L. Shaffer, J. Ma, and M. Elimelech, In situ surface
chemical modification of thin-film composite forward osmosis membranes for enhanced
organic fouling resistance. Environmental science & technology, 2013. 47(21): p. 12219-
12228.

16. Sun, Y., L. Xue, Y. Zhang, X. Zhao, Y. Huang, and X. Du, High flux polyamide thin film
composite forward osmosis membranes prepared from porous substrates made of polysulfone
and polyethersulfone blends. Desalination, 2014. 336: p. 72-79.

17. Madsen, H.T., N. Bajraktari, C. Helix-Nielsen, B. Van der Bruggen, and E.G. Sggaard, Use of
biomimetic forward osmosis membrane for trace organics removal. Journal of Membrane
Science, 2015. 476: p. 469-474.

18. Ren, J., Optimizing Design Parameters for Thin Film Composite Hollow Fiber Membranes
and Modules for Osmotic Processes.2017.

13



Energy Security and Chemical Engineering Congress IOP Publishing

IOP Conf. Series: Materials Science and Engineering 736 (2020) 052026 doi:10.1088/1757-899X/736/5/052026

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Li, M., V. Karanikola, X. Zhang, L. Wang, and M. Elimelech, A Self-Standing, Support-Free
Membrane for Forward Osmosis with No Internal Concentration Polarization. Environmental
Science & Technology Letters, 2018. 5(5): p. 266-271.

Jin,L.,Z. Wang, S. Zheng, and B. Mi, Polyamide-crosslinked graphene oxide membrane for
forward osmosis. Journal of Membrane Science, 2018. 545: p. 11-18.

Liu, C.,J. Lee, C. Small, J. Ma, and M. Elimelech, Comparison of organic fouling resistance
of thin-film composite membranes modified by hydrophilic silica nanoparticles and
gwitterionic polymer brushes. Journal of Membrane Science, 2017. 544: p. 135-142.
Pan,S.-F., Y. Dong, Y.-M. Zheng, L.-B. Zhong, and Z.-H. Yuan, Self-sustained hydrophilic
nanofiber thin film composite forward osmosis membranes: Preparation, characterization and
application for simulated antibiotic wastewater treatment. Journal of Membrane Science,
2017.523: p. 205-215.

Kochanov, R., M. Sairam, and A. Livingston, Cellulose Acetate Forward Osmosis
Membranes-Effect of Membrane Chemistry on FO Performance. Procedia Engineering, 2012.
44: p. 258-260.

Wang,K.Y.,R.C. Ong, and T.-S. Chung, Double-skinned forward osmosis membranes for
reducing internal concentration polarization within the porous sublayer. Industrial &
Engineering Chemistry Research, 2010. 49(10): p. 4824-4831.

Wei, J., C. Qiu, C.Y. Tang, R. Wang, and A.G. Fane, Synthesis and characterization of flat-
sheet thin film composite forward osmosis membranes. Journal of Membrane Science, 2011.
372(1-2): p. 292-302.

Li,D., Y. Yan, and H. Wang, Recent advances in polymer and polymer composite membranes
for reverse and forward osmosis processes. Progress in Polymer Science, 2016. 61: p. 104-
155.

Baker, R.W., Membrane technology and applications. John Wiley & Sons, Ltd, 2004: p. 96-
103.

Yip, N.Y., A. Tiraferri, W.A. Phillip, J.D. Schiffman, and M. Elimelech, High performance
thin-film composite forward osmosis membrane. Environmental science & technology, 2010.
44(10): p. 3812-3818.

Cadotte, J.E., Reverse osmosis membrane. 1981, Google Patents.

Petersen, R.J. and J.E. Cadotte, Thin film composite reverse osmosis membranes. Handbook of
industrial membrane technology, 1990: p. 307-348.

Bui, N.-N., M L. Lind, E.M. Hoek, and J.R. McCutcheon, Electrospun nanofiber supported
thin film composite membranes for engineered osmosis. Journal of membrane science, 2011.
385: p. 10-19.

Korenak, J., S. Basu, M. Balakrishnan, C. Hélix-Nielsen, and 1. Petrinic, Forward osmosis in
wastewater treatment processes. Acta chimica slovenica, 2017. 64(1): p. 83-94.

Dova, M 1., K.B. Petrotos, and H.N. Lazarides, On the direct osmotic concentration of liquid
foods. Part I: Impact of process parameters on process performance. Journal of Food
Engineering, 2007. 78(2): p. 422-430.

Xiao,D.,C.Y. Tang,J. Zhang, W.C. Lay, R. Wang, and A.G. Fane, Modeling salt
accumulation in osmotic membrane bioreactors: implications for FO membrane selection and
system operation. Journal of Membrane Science, 2011. 366(1-2): p. 314-324.

Chen, C.-Y.,K.-L. Yeh, Y.-C. Lo, H.-M. Wang, and J .-S. Chang, Engineering strategies for
the enhanced photo-H2 production using effluents of dark fermentation processes as
substrate. International Journal of Hydrogen Energy, 2010. 35(24): p. 13356-13364.

Hoover, L.A., J.D. Schiffman, and M. Elimelech, Nanofibers in thin-film composite membrane
support layers: Enabling expanded application of forward and pressure retarded osmosis.
Desalination, 2013. 308: p. 73-81.

14



Energy Security and Chemical Engineering Congress IOP Publishing
IOP Conf. Series: Materials Science and Engineering 736 (2020) 052026 doi:10.1088/1757-899X/736/5/052026

37. Cornelissen, E., D. Harmsen, K. De Korte, C. Ruiken, J.-J. Qin, H. Oo, and L. Wessels,
Membrane fouling and process performance of forward osmosis membranes on activated
sludge. Journal of membrane science, 2008. 319(1-2): p. 158-168.

38. Ren, J. and J.R. McCutcheon, A new commercial thin film composite membrane for forward
osmosis. Desalination, 2014. 343: p. 187-193.

39. Chi, X.-Y.,P.-Y. Zhang, X.-J. Guo, and Z.-L.. Xu, A novel TFC forward osmosis (FO)
membrane supported by polyimide (PI) microporous nanofiber membrane. Applied Surface
Science, 2018. 427: p. 1-9.

40. Tian, M., C. Qiu, Y. Liao, S. Chou, and R. Wang, Preparation of polyamide thin film
composite forward osmosis membranes using electrospun polyvinylidene fluoride (PVDF)
nanofibers as substrates. Separation and Purification Technology, 2013. 118: p. 727-736.

41. Saren, Q., C.Q. Qiu, and C.Y. Tang, Synthesis and characterization of novel forward osmosis
membranes based on layer-by-layer assembly. Environmental science & technology, 2011.
45(12): p. 5201-5208.

42, Liu, X.,S.Qi, Y. Li, L. Yang, B. Cao, and C.Y. Tang, Synthesis and characterization of novel
antibacterial silver nanocomposite nanofiltration and forward osmosis membranes based on
layer-by-layer assembly. Water research, 2013. 47(9): p. 3081-3092.

43, Suwaileh, W., D. Johnson, S. Khodabakhshi, and N. Hilal, Development of forward osmosis
membranes modified by cross-linked layer by layer assembly for brackish water desalination.
Journal of Membrane Science, 2019. 583: p. 267-277.

44, Huang, Y.,J. Sun, D. Wu, and X. Feng, Layer-by-layer self-assembled chitosan/PAA
nanofiltration membranes. Separation and Purification Technology, 2018. 207: p. 142-150.

45, Zhou,W.,L. Yu, Y.Li,B. Gao, and Z. Wang, Layer by Layer Assembly of Poly (Allylamine
Hydrochloride)/Phosphate lons and Poly (Sodium 4-Styrene Sulfonate) Membrane for
Forward Osmosis Application. Journal of Ocean University of China, 2018: p. 1-7.

46. Liu, C., X. Lei, L. Wang, J. Jia, X. Liang, X. Zhao, and H. Zhu, Investigation on the removal
performances of heavy metal ions with the layer-by-layer assembled forward osmosis
membranes. Chemical Engineering Journal, 2017. 327: p. 60-70.

47. Chen, G.,R. Liu, HK. Shon, Y. Wang, J. Song, X.-M. Li, and T. He, Open porous
hydrophilic supported thin-film composite forward osmosis membrane via co-casting for
treatment of high-salinity wastewater. Desalination, 2017. 405: p. 76-84.

48. Shokrollahzadeh, S. and S. Tajik, Fabrication of thin film composite forward osmosis
membrane using electrospun polysulfone/polyacrylonitrile blend nanofibers as porous
substrate. Desalination, 2018. 425: p. 68-76.

49. Fan, X., Y. Liu, X. Quan, and S. Chen, Highly Permeable Thin-film Composite Forward
Osmosis Membrane Based on Carbon Nanotube Hollow Fiber Scaffold with Electrically
Enhanced Fouling Resistance. Environmental science & technology, 2018.

50. Li,J.-Y.,Z.-Y.Ni,Z.-Y.Zhou, Y -X. Hu, X.-H. Xu, and L.-H. Cheng, Membrane fouling of
forward osmosis in dewatering of soluble algal products: Comparison of TFC and CTA
membranes. Journal of Membrane Science, 2018. 552: p. 213-221.

51. Liu, Q.,J.Li,Z. Zhou, J. Xie, and 1.Y. Lee, Hydrophilic mineral coating of membrane
substrate for reducing internal concentration polarization (ICP) in forward osmosis.
Scientific reports, 2016. 6: p. 19593.

52. Seman, M.A., M. Khayet, Z.B. Ali, and N. Hilal, Reduction of nanofiltration membrane
fouling by UV-initiated graft polymerization technique. Journal of Membrane Science, 2010.
355(1): p. 133-141.

53. Hilal, N., A .F. Ismail, and C.J. Wright, Membrane Fabrication.2015: CRC Press. Taylor &
Francis Group.

54. Arena, J.T., B. McCloskey, B.D. Freeman, and J.R. McCutcheon, Surface modification of thin
film composite membrane support layers with polydopamine: enabling use of reverse osmosis

15



Energy Security and Chemical Engineering Congress IOP Publishing
IOP Conf. Series: Materials Science and Engineering 736 (2020) 052026 doi:10.1088/1757-899X/736/5/052026

membranes in pressure retarded osmosis. Journal of membrane science, 2011. 375(1): p. 55-

62.

55. Rana, D. and T. Matsuura, Surface modifications for antifouling membranes. Chemical
reviews, 2010. 110(4): p. 2448-2471.

56. Cui, Z., Y. Jiang, and R. Field, Fundamentals of pressure-driven membrane separation

processes, in Membrane technology. 2010, Elsevier. p. 1-18.

57. McCutcheon, J.R., R.L. McGinnis, and M. Elimelech, Desalination by ammonia—carbon
dioxide forward osmosis: influence of draw and feed solution concentrations on process
performance. Journal of membrane science, 2006. 278(1): p. 114-123.

58. Tiraferri, A., N.Y. Yip, W.A. Phillip, J.D. Schiffman, and M. Elimelech, Relating
performance of thin-film composite forward osmosis membranes to support layer formation
and structure. Journal of Membrane Science, 2011. 367(1): p. 340-352.

59. Gray, G.T., J.R. McCutcheon, and M. Elimelech, Internal concentration polarization in
forward osmosis: role of membrane orientation. Desalination, 2006. 197(1-3): p. 1-8.

60. Vos,K.D., F.O. Burris, and R.L. Riley, Kinetic study of the hydrolysis of cellulose acetate in
the pH range of 2—10. Journal of Applied Polymer Science, 1966. 10(5): p. 825-832.

61. Lee, K., R. Baker, and H. Lonsdale, Membranes for power generation by pressure-retarded
osmosis. Journal of Membrane Science, 1981. 8(2): p. 141-171.

62. Fang, W.,R. Wang, S. Chou, L. Setiawan, and A.G. Fane, Composite forward osmosis hollow
fiber membranes: Integration of RO-and NF-like selective layers to enhance membrane
properties of anti-scaling and anti-internal concentration polarization. Journal of membrane
science, 2012. 394: p. 140-150.

63. Huang, L., N.-N. Bui, M.T. Meyering, T.J. Hamlin, and J.R. McCutcheon, Novel hydrophilic
nylon 6, 6 microfiltration membrane supported thin film composite membranes for engineered
osmosis. Journal of membrane science, 2013.437: p. 141-149.

64. Arena, J.T., S.S. Manickam, K.K. Reimund, B.D. Freeman, and J.R. McCutcheon, Solute and
water transport in forward osmosis using polydopamine modified thin film composite
membranes. Desalination, 2014. 343: p. 8-16.

65. Zhang, X.,J. Tian, Z. Ren, W. Shi, Z. Zhang, Y. Xu, . . . F. Cui, High performance thin-film
composite (TFC) forward osmosis (FO) membrane fabricated on novel hydrophilic
disulfonated poly (arylene ether sulfone) multiblock copolymer/polysulfone substrate. Journal
of Membrane Science, 2016. 520: p. 529-539.

66. McCutcheon, J.R. and M. Elimelech, Influence of membrane support layer hydrophobicity on
water flux in osmotically driven membrane processes. Journal of Membrane Science, 2008.
318(1-2): p. 458-466.

67. Wang, H., C. Wu, Z. Wei, C. Li, and Q. Liu, Surface chemistry, topology and desalination
performance controlled positively charged NF membrane prepared by polydopamine-assisted
graft of starburst PAMAM dendrimers. RSC Advances, 2016. 6(6): p. 4673-4682.

68. Coates, J., Interpretation of infrared spectra, a practical approach. Encyclopedia of analytical
chemistry: applications, theory and instrumentation, 2006.

69. Seman, M.A., M. Khayet, and N. Hilal, Comparison of two different UV-grafted nanofiltration
membranes prepared for reduction of humic acid fouling using acrylic acid and N-
vinylpyrrolidone. Desalination, 2012. 287: p. 19-29.

70. Silverstein, R.M., G.C. Bassler, and T.C. Morrill, Spectrometric Identification of Organic
Compounds. 1981. 4th.

71. Huang, L., J.T. Arena, and J.R. McCutcheon, Surface modified PVDF nanofiber supported
thin film composite membranes for forward osmosis. Journal of Membrane Science, 2016.
499: p. 352-360.

72. Emadzadeh, D., W.J. Lau, T. Matsuura, M. Rahbari-Sisakht, and A.F. Ismail, A novel thin film
composite forward osmosis membrane prepared from PSf-TiO2 nanocomposite substrate for
water desalination. Chemical Engineering Journal, 2014. 237: p. 70-80.

16



Energy Security and Chemical Engineering Congress IOP Publishing

IOP Conf. Series: Materials Science and Engineering 736 (2020) 052026 doi:10.1088/1757-899X/736/5/052026

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Lee,J.-Y.,S.Qi, X. Liu, Y. Li, F. Huo, and C.Y. Tang, Synthesis and characterization of
silica gel-polyacrylonitrile mixed matrix forward osmosis membranes based on layer-by-layer
assembly. Separation and Purification Technology, 2014. 124: p. 207-216.

Silverstein, R.M. and G.C. Bassler, Spectrometric identification of organic compounds.
Journal of Chemical Education, 1962. 39(11): p. 546.

Duong, P.H.,J. Zuo, and T.-S. Chung, Highly crosslinked layer-by-layer polyelectrolyte FO
membranes: Understanding effects of salt concentration and deposition time on FO
performance. Journal of membrane science, 2013.427: p. 411-421.

Qiu, C.,S. Qi, and C.Y. Tang, Synthesis of high flux forward osmosis membranes by
chemically crosslinked layer-by-layer polyelectrolytes. Journal of membrane Science, 2011.
381(1): p. 74-80.

Rahman, A.F.H.B.A. and M.N.B.A. Seman, Polyacrylic-polyethersulfone membrane modified
via UV photografting for forward osmosis application. Journal of Environmental Chemical
Engineering, 2018. 6(4): p. 4368-4379.

Burrell, M.C., Chemical Analysis, Electron Spectroscopy, in Encyclopedia of Materials:
Science and Technology (Second Edition). 2001, Elsevier Ltd. p. Pages 1142-1149.

Ng,L.Y., A. Ahmad, and A.W. Mohammad, Alteration of polyethersulphone membranes
through UV-induced modification using various materials: A brief review. Arabian Journal of
Chemistry, 2017. 10: p. S1821-S1834.

Zhang,R., Y. Su, X. Zhao, Y. Li, J. Zhao, and Z. Jiang, A novel positively charged composite
nanofiltration membrane prepared by bio-inspired adhesion of polydopamine and surface
grafting of poly (ethylene imine). Journal of membrane science, 2014. 470: p. 9-17.

Wavhal, D.S. and E.R. Fisher, Hydrophilic modification of polyethersulfone membranes by
low temperature plasma-induced graft polymerization. Journal of Membrane Science, 2002.
209(1): p. 255-269.

Han, G., S. Zhang, X. Li, N. Widjojo, and T.-S. Chung, Thin film composite forward osmosis
membranes based on polydopamine modified polysulfone substrates with enhancements in
both water flux and salt rejection. Chemical Engineering Science, 2012. 80: p. 219-231.
Song, H.-m., L.-j. Zhu, Z.-x. Zeng, and Q.-j. Xue, High performance forward osmosis
cellulose acetate (CA) membrane modified by polyvinyl alcohol and polydopamine. Journal of
Polymer Research, 2018. 25(7): p. 159.

Zheng, K., S. Zhou, and X. Zhou, A low-cost and high-performance thin-film composite
forward osmosis membrane based on an SPSU/PVC substrate. Scientific Reports, 2018. 8(1):
p. 10022.

Johnson, D. and N. Hilal, Characterisation and quantification of membrane surface properties
using atomic force microscopy: A comprehensive review. Desalination, 2015. 356: p. 149-164.
Chun, Y., D. Mulcahy, L. Zou, and L.S. Kim, A short review of membrane fouling in forward
osmosis processes. Membranes, 2017.7(2): p. 30.

Tajik, S., O. Moini Jazani, S. Shokrollahzadeh, and S .M. Latifi, Thin film nanocomposite
forward osmosis membrane prepared by graphene oxide embedded PSf substrate. Journal of
Particle Science & Technology, 2016. 2(2): p. 103-117.

Zhang, X.,L. Shen, W.-Z. Lang, and Y. Wang, Improved performance of thin-film composite
membrane with PVDF/PFSA substrate for forward osmosis process. Journal of membrane
science, 2017. 535: p. 188-199.

Stahl, J.-E., F. Schultheiss, and S. Hiagglund, Analytical and experimental determination of the
Ra surface roughness during turning. Procedia Engineering, 2011. 19: p. 349-356.

Kumar, B.R. and T.S. Rao, AFM Studies on surface morphology, topography and texture of
nanostructured zinc aluminum oxide thin films. Digest Journal of Nanomaterials and
Biostructures, 2012. 7(4): p. 1881-1889.

17



Energy Security and Chemical Engineering Congress IOP Publishing

IOP Conf. Series: Materials Science and Engineering 736 (2020) 052026 doi:10.1088/1757-899X/736/5/052026

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Zirehpour, A., A. Rahimpour, F. Seyedpour, and M. Jahanshahi, Developing new CTA/CA-
based membrane containing hydrophilic nanoparticles to enhance the forward osmosis
desalination. Desalination, 2015. 371: p. 46-57.

Shakeri, A., H. Salehi, and M. Rastgar, Chitosan-based thin active layer membrane for
forward osmosis desalination. Carbohydrate polymers, 2017. 174: p. 658-668.

Emadzadeh, D., W.J. Lau, T. Matsuura, M. Rahbari-Sisakht, and A. Ismail, A novel thin film
composite forward osmosis membrane prepared from PSf~TiO 2 nanocomposite substrate for
water desalination. Chemical Engineering Journal, 2014. 237: p. 70-80.

Hegab, HM., A. ElMekawy, T.G. Barclay, A. Michelmore, L. Zou, C.P. Saint, and M. Ginic-
Markovic, Effective in-situ chemical surface modification of forward osmosis membranes with
polydopamine-induced graphene oxide for biofouling mitigation. Desalination, 2016. 385: p.
126-137.

Zularisam, A., A. Ismail, and R. Salim, Behaviours of natural organic matter in membrane
filtration for surface water treatment—a review. Desalination, 2006. 194(1-3): p. 211-231.
Chun, Y., D. Mulcahy, L. Zou, and 1. Kim, A short review of membrane fouling in forward
osmosis processes. Membranes, 2017.7(2): p. 30.

Ong,R.C., T.-S. Chung, J.S. de Wit, and B.J. Helmer, Novel cellulose ester substrates for high
performance flat-sheet thin-film composite (TFC) forward osmosis (FO) membranes. Journal
of Membrane Science, 2015. 473: p. 63-71.

Ding, W., Y. Li, M. Bao, J. Zhang, C. Zhang, and J. Lu, Highly permeable and stable forward
osmosis (FO) membrane based on the incorporation of Al 2 O 3 nanoparticles into both
substrate and polyamide active layer. RSC Advances, 2017. 7(64): p. 40311-40320.

Drioli, E., A. Criscuoli, and E. Curcio, Membrane contactors: fundamentals, applications and
potentialities. Vol. 11.2011: Elsevier.

Kohli, R., Chapter 3 - Methods for Monitoring and Measuring Cleanliness of Surfaces, in
Developments in Surface Contamination and Cleaning, R. Kohli and K.L. Mittal, Editors.
2012, William Andrew Publishing: Oxford. p. 107-178.

Law, K.-Y., Definitions for Hydrophilicity, Hydrophobicity, and Superhydrophobicity:
Getting the Basics Right. The Journal of Physical Chemistry Letters, 2014. 5(4): p. 686-688.
Li,J.,M. Wang, Y. Zhao, H. Yang, and Y. Zhong, Enrichment of lithium from salt lake brine
by forward osmosis. Royal Society open science, 2018. 5(10): p. 180965.

Sabbatini, L. and P.G. Zambonin, Surface characterization of advanced polymers. 1993:
Wiley-VCH.

18



