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Abstract



Internal concentration polarization (ICP) is a significant problem in Forward osmosis (FO)
membranes, which reduces the water flux. In order to mitigate the ICP phenomenon, rice bran
(RB) and wood sawdust (WSD) particles were selected as natural green pore formers and
incorporated into the polyethersulfone (PES) matrix to fabricate mixed matrix membranes
(MMMs). Fabricated MMMs were used as the porous support layer (SL) to make thin-film
composite (TFC) FO membranes. Firstly, the water uptake experiment was performed to
evaluate the water adsorption capacity of the RB and WSD particles. Furthermore, all samples
were characterized by FTIR, FESEM, AFM, XPS, DLS, static contact angle (CA), and tensile
strength. Also, performance tests in reverse osmosis (RO) and the FO units were performed to
evaluate the fabricated membranes. The results showed that the use of RB and WSD particles
dramatically reduced the structural parameter in all MMMs, resulting in lower ICP effects and
high water flux. Due to the softer structure, smaller size, and more water uptake, the RB-based
TFC membranes recorded better results. The TFC-RB-5 (with 5% of RB in the SL) was the
best membrane with a water flux of about 65.71 L/m?.h for Caspian seawater desalination,
while the FO water flux for DI water as the feed solution (FS) was 83.65 L/m?.h. The present
study showed the membranes made in this study are competitive with the existing FO

membranes and very cost-effective for broad applications.

Keyword: Forward osmosis, desalination, internal concentration polarization, rice bran, wood

sawdust.

1. Introduction



The scarcity of freshwater has led to extensive research to optimally use water resources, reuse
of the existing industrial and domestic wastewater, as well as converting saline water resources
into freshwater. Rivers, lakes, seas, and oceans, which cover about 70% of the Earth's surface,
cannot be used as drinking water without treatment [1]. Thus, the use of an eco-friendly,
practical and low-cost method to convert vast saline water resources into freshwater for
agricultural or as drinking water will have significant economic and environmental benefits.
Amongst different methods of water and wastewater treatment, membrane processes are
considered as an attractive option due to their low energy consumption, low investment cost,
and usability in the separation of temperature-sensitive materials [2,3]. Reverse osmosis (RO)
process has been widely used for seawater desalination and separation processes [4-6].
However, due to the high energy consumption of the RO system and their high fouling
tendency, efforts are made to find alternative filtration technologies to replace the RO process

or reduce its energy consumption and fouling problem [7-9].

In recent years, forward osmosis (FO) has attracted a lot of attention as one of the newest and
most efficient membrane processes [10-12]. In the FO process, the osmotic pressure difference
between the concentration of feed solution (FS) and a high concentration draw solution (DS),
across the membrane is the driving force for freshwater recovery [13]. Due to the lack of
hydraulic pressure, the FO process consumes much less energy than pressure-driven membrane
processes (i.e. RO) and has low fouling tendency [14,15]. Like the RO process, thin-film
composite (TFC) membranes are the most common membranes used in the FO process [16-
18]. TFC FO membranes consist of a thin active layer (AL) on top of a porous support layer
(SL). There are two operating modes in the FO process, FO mode when the DS is against the
SL of the membrane, and PRO mode when the FS is against the AL of the FO membrane. Due
to less fouling tendency of FO mode, this orientation is much suitable for low-quality feeds

and wastewater treatment [19,20]. The most critical problem in the TFC FO membranes is the



concentration polarization (CP), which mainly originates from the asymmetric structure of
these membranes and reduces the active osmotic driving force, which in turn negatively
impacts the performance of the FO membrane [21,22]. Dilutive internal concentration
polarization (DICP) is the significant type of CP that occurs in the FO process, causing a sharp
decline in the water flux (J,) in the FO mode [22]. The adverse effects of DICP can be improved
by modifying the physicochemical properties of the SL, such as reducing the structural
parameter (S) [21,23]. The intensity of DICP can be determined by S-value, which has a direct
relationship with SL thickness (t) and tortuosity (t), and has an inverse relationship with the
SL porosity (¢) (S = tt/e) [23]. One achievable and practical method to decrease the S-value is
to use various functional fillers and pore formers in the SL structure [24-26]. In recent years,
some of water-stable and water-unstable Metal-organic frameworks (MOFs), as attractive
nanoparticles (NPs), have been used to decrease the S-value of osmotically driven membrane
processes [25-29]. However, the use of synthetic NPs, although yielding excellent results, is
usually achieved at a high cost that is an essential obstacle to commercialization. Therefore,
finding materials that in addition to reducing the S-value, are also inexpensive, is a significant

step towards commercializing TFC FO membranes.

Annually, million tons of wood sawdust (WSD) and rice bran (RB) as by-products of the wood
and agricultural industry is not appropriately used and dumped or burned, which in turn causes
significant environmental damages [30,31]. One of the most recent applications of these low
cost and easy access by-products, directly or in combination with other materials, is to use them
as surface adsorbents in removing contaminants from industrial and non-industrial effluents.
Yet, different forms of these materials have been used to adsorb dyes [32-36], heavy metals
[33,35,37-43], organic compounds [33,35], ions [33,35,39-44]. Because of porous structure
and water resistance, WSD and RB are exciting options to modify the SL structure of the TFC

membranes. According to our investigation, RB has not been used in several membrane



technologies to alter the structure. But WSD was used in limited cases as filler and pore former
in membranes. The impact of WSD as pore former in the SL structure of the ceramic tubular
membrane has been studied [45,46]. Studies found that with increasing temperature and
degradation of WSD particles in the SL structure as well as increasing the percentage of WSD
used in the primary polymeric solution, the number of pores and consequently SL porosity was

increased.

Furthermore, previous literature evaluated the impact of using partially modified WSD
particles in the polymeric membrane [47]. Accordingly, the surface energy and surface
hydrophilicity of the WSD-containing membrane has been increased. Recently, the application
of WSD as a filler to increase the porosity of SL in the TFC RO membrane was studied [48].
The effect of the implementation of WSD on salt rejection, pure water flux and mechanical
resistance of the TFC RO membrane in the desalination process revealed excellent salt rejection
and water flux. One of the most significant results of this study is the decrease of membrane
mechanical resistance due to the porosity increment, which indicates the unattractiveness of
this method in pressure-driven membrane processes such as the RO process. Accordingly, it
seems that this modifying method can yield better results in non-pressure-driven membrane

processes (e.g. FO).

For this purpose, RB and WSD particles as porous fillers were selected as pore formers and
incorporated into the polyethersulfone (PES) to prepare the mixed matrix membranes (MMMs)
as SL for the TFC FO membranes. Hydrophilic PES was used in the SL of the TFC FO
membranes because of its excellent chemical and mechanical properties [49]. The
corresponding PES-based TFC FO membranes were synthesized via the formation of a thin
polyamide (PA) layer on the MMMs by interfacial polymerization (IP) method. The water
uptake test was performed to evaluate the water adsorption capacity of the RB and WSD

particles. Furthermore, membrane samples were analyzed with characterization methods with
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Fourier-transform infrared (FTIR), field-emission scanning electron microscopy (FESEM),
atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), static contact angle
(CA), Dynamic light scattering (DLS), tensile strength, and bulk porosity experiment to
understand the physicochemical changes resulting from WSD and RB particles on the
membrane characteristics. The performance of TFC membranes was evaluated in cross-flow
FO and RO systems to determine water flux (J,) and salt rejection (R) and membrane intrinsic
parameters including water permeability coefficient (A), solute flux (B) and S-value. Also, the
study investigated the MMM-based TFC FO membranes for the desalination of Caspian
seawater. To the best of our knowledge, we believe that the results obtained from this cost-

effective method are useful for the commercialization of TFC FO membranes.

2. Materials and methods

2.1. Materials and chemicals

Dimethylformamide (DMF, 99.8% purity), N-methyl-2-pyrrolidone (NMP, 99% purity),
trimesoyl chloride (TMC, 98% purity), lithtum chloride (LiCl, 99.9% purity),
polyvinylpyrrolidone (PVP), m-phenylenediamine (MPD, 99.5% purity), n-hexane (95%
purity), ethanol (99% purity), nitric acid (65% purity) and sodium chloride (NaCl, 99% purity)
were supplied from Merck, Germany. Polyethersulfone (PES) (Radel®A) was purchased from
Solvay Speciality Polymers, USA. Before dissolving in the NMP solvent, PES was dried at
120 °C for 10 h. All chemicals were used as received and without further purification.
Deionized water (DI) with ultralow conductivity (0.9 uS/cm) was prepared in the lab. The RB
and WSD particles used in this study were obtained from local rice mill and sawmill factories,
respectively, in Mahmoudabad, Mazandaran, Iran. These particles were further milled and

sieved several times and washed with DI water and nitric acid before use. For the desalination



process, the Caspian seawater from the northern part of Iran (Mazandaran) was used in this

study (Table 1).

Table 1: Analysis of Caspian seawater at two stations.

Properties Unit Nour station Gorgan station Average
pH =7.10 =7.10 =7.10
Na mg L = 4470 = 5533 = 5001
Ca mg L =160 =249 =204
Mg mg L-! =500 =737 =618
Cl mg L = 5516 = 6900 = 6208
SO, mg L = 1500 = 2250 = 1875

K mg L! =100 =260 =180
TDS mg L! = 12200 = 15900 = 14000

2.2. WSD and RB preparation

The RB and WSD particles were undergone some modification processes. The particles were
first passed through a sieve with 25 pm mesh size (Mesh No. 500) to remove large and
inappropriate particles and to provide better mechanical performance for the polymeric
membrane. The sieved particles were then placed inside O-type grinding jar and milled in the
Retsch planetary ball mill PM 100 bench-top unit. Milling times were identical for both
samples. It is worth mentioning that the prepared particles were placed into liquid nitrogen
(LN) for 3 minutes before the milling process. The milled samples were passed again through
a 25 um sieve as a final attempt to obtain more homogeneous particles. The prepared particles
thoroughly washed to remove contaminants and get proper physical properties. In this step,
samples were hierarchically washed by DI water, nitric acid, and DI water. Finally, the as-
prepared particles were dried in a vacuum oven at 60 °C for 24 h. The dried WSD and RB

particles were separately stored in sealed containers for further use.

2.3. Fabrication of MMMs

The RB and WSD particles were undergone some modification processes. Asymmetric flat
sheet MMMs containing RB and WSD as filler and PES as polymeric matrix were fabricated
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via a non-solvent-induced phase separation (NIPS) method [50]. Firstly, pure PES membrane
was prepared by dissolving dried PES (15.5 wt%), PVP (0.5 wt%), and LiCl (3 wt%) in NMP
solvent and vigorously mixed at 65 °C for 24 h to obtain a homogeneous solution. Then, for
removing all entrained bubbles, the homogenous casting solution was left immobilized for 12
hours. The final solution was then cast on a glass plate by use of a casting knife to achieve a
final thickness of around 50-55 um and immediately immersed in a coagulation water bath over
48 h to prepare the final PES membrane (labeled as PES-C). Several loadings of RB and WSD
particles ranging from 0.5 to 5 wt% (based on polymer content) were added to the first
polymeric solutions to compare the impact of adding particles to the PES membrane. In fact,
the fabrication of MMMs was similar to that of the neat PES membrane with an additional step
of adding RB and WSD particles. For each MMM, a weighted amount of particle was firstly
added to NMP solvent under vigorous stirring for 2 hours at room temperature. Then, PES was
added to the solution and mixed for 24 hours until the polymer is completely dissolved. Thus,
taking into account the pure PES substrate, seven membranes were fabricated in total. These
membranes were labeled as PES-C, PES-RB-0.5, PES-RB-2, PES-RB-5, PES-WSD-0.5, PES-
WSD-2, and PES-WSD-5 corresponding to filler types and loadings and used as substrates in

TFC membranes.

2.4. Fabrication of TFC-FO membranes

The fabrication of the PA layer on top of the porous substrate was performed via the IP method.
According to previous studies, optimum conditions were selected to yield the maximum
permeate flux and salt rejection related to the PA layer [51,52]. In this regard, the MMMs were
firstly soaked in an aqueous MPD solution (2.0 wt%) containing water and ethanol (volume
ratio of 1:1) for 120 s. Then, the excess MPD solution was removed from the MMM surface

using a rubber roller, and the membrane was then immediately immersed in an organic TMC



solution (1.0 wt%) containing n-hexane for 60 s. The complete polymerization reaction
between MPD and TMC monomers at the water/n-hexane interface formed an ultra-thin PA
layer on top of the substrates. Finally, the resulting TFC membranes were dried at 85 °C for 5
minutes and stored in DI water before use. These membranes were labeled as TFC-C, TFC-
RB-0.5, TFC-RB-2, TFC-RB-5, TFC-WSD-0.5, TFC-WSD-2, and TFC-WSD-5 based on

corresponding MMM type.

2.5. Water uptake measurements on RB and WSD

The water uptake test was performed to evaluate the impact of the physicochemical properties
of RB and WSD particles in water adsorption. First, the as-prepared particles were dried in a
vacuum oven at 75 °C for 4 h. Then, the particles were cooled down to room temperature (24
+ (0.5 °C) before weighing. After immersing in liquid water at room temperature, samples were
taken out at specific time intervals and the surface moisture was removed by a large cavity

filter paper before weighing. The water uptake was calculated by the following equation:

my, —my
Water uptake (%) = 7 x 100 (D
d

where, m,, and m, are the weights of the wet and dry samples, respectively.

2.7. Measurement of TFC membrane intrinsic separation properties in the RO process

To determine the mass transfer properties of TFC membranes, including pure water
permeability (A), salt flux (B), and salt rejection (R), a cross-flow RO filtration test unit was
utilized [53]. All tests were performed under a constant cross-flow velocity (20 cm/s) and
temperature (22+0.5 °C) to restrict the number of variables in the system. The A-value was

measured under three different pressures (50, 100, and 150 psi) using DI water FS. With the
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obtained volumetric pure water flux (J) for each applied pressure (AP), the A-value for each

TFC membrane can be calculated by the following equation [54]:
A== (2)

Also, to evaluate the salt rejection percentage (R%), a feed solution of 20 mmol/L NaCl was
utilized under 2.5 bar and for 5 h. According to the experiments, the R-value was calculated by

the following equation [54]:
Cp

R(%) = (1 ——) %X 100 3)
Cr

where Crand Cp are the concentrations of salt in the feed and permeate side, respectively. After
calculating the values of A and R, the B-value of TFC membranes can be determined using

these parameters by the following equation [54]:
1—R
B= (T) [A(AP — Am)] 4)

where A is the osmotic pressure difference across the membrane.
2.8. Measurement of TFC membrane performance in FO mode

The performance of TFC FO membranes was evaluated in a cross-flow laboratory-scale test
unit. The membrane area was approximately 30 cm?. A thin spacer was placed on the FS side
to promote mixing and reduce the concentrative external concentration polarization (CECP).
NaCl solutions at concentrations of 0.5 and 2 M (as DS) and also DI water and Caspian
seawater (as FS) were used in all FO experiments. The initial volumes of DS and FS were 2.5
and 2 L, respectively. Two diaphragm pumps (Headon, 2.2 LPM) were used to pump the DS
and FS. Two adjustable flow meters were utilized on both DS and FS flow paths to fix the

11



velocity on 20 cm/s. For more accuracy, the temperature of both DS and FS was adjusted at 25
°C. The DS container was placed on an electronic scale (Mettler Toledo) to record weight
changes at specified intervals. The starting point of the recording (t=0) was immediately after
all air-bubbles in the test chamber were removed. In this study, all experiments were performed
in FO mode. According to the absolute volume change of the FS (4V.q) over a specified time
interval (4¢) during FO experiments and membrane-active area (4,,), FO water flux (J) can be

calculated by the following equation:

Aered

Jw = Almps — ) = <At (5)

To calculate the average reverse salt flux (J;), a conductivity meter (Lutor, WA-2017SD) was
used to record and monitor the conductivity of both FS and DS at specific time intervals. Based
on the conductivity increment of the FS, the J; was calculated using the following equation:

Vt'Ct_VO'CO
Js= Ap X At (6)

where C, and Cyare the final and initial (at time) salt concentrations in the FS and V, and V) are

the final and initial (at time) volume of the FS.

2.9. Determination of structural parameters

As mentioned in section 1, there is an acceptable agreement that the intrinsic structural
parameter, S, affects the severity of the DICP phenomenon. Accordingly, the SL creates
resistance to diffusion of the DS in FO membranes operating in the FO mode and reduces the
effective osmotic pressure driving force across the AL, which results in water flux decrement.
In FO mode the S-value of the TFC FO membranes was determined using the following

equation [55]:
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s=2],
Jw

AT[DS +B
l ()

nAT[FS +]W+B

where D is the salt diffusion coefficient and 74,y and mg.q are the bulk osmotic pressures of the
DS and FS, respectively. Also, the DS resistivity to diffusion (K) within the SL can be

calculated by the following equation [50]:
X S
=7 ®

2.5. Characterization

To investigate the chemical groups, the FTIR spectrometer (Thermo Nicolet Avatar 370, USA)
was used to indicate various functional groups presenting in RB and WSD particles and
MMMs. The particle size of the RB and WSD samples was determined by DLS (Shimadzu
sald-2101). The membrane structural morphology and particle morphology was evaluated by
FESEM (JEOL JSM-6700F). FESEM images can provide a better understanding of the impact
of loading RB and WSD particles on the structure of the substrate. The surface roughness of
the membranes was evaluated by AFM (Easyscan2 Flex AFM, Switzerland). The surface
roughness of the substrate has an essential impact on the formation of the PA layer and its
properties. The surface hydrophilicity of the substrates was analyzed with DI water using CA
measurement (KRUSS G10, Germany). Membrane hydrophilicity has a significant advantage
in the FO process to increase water flux and reduces the DICP. The membrane thickness was
determined by a digital micrometer (Carl Mahr D7300, Germany). Although high mechanical
strength is not required in FO systems, low mechanical strength develops with increasing the
porosity of the support layer. Therefore, the mechanical strength properties were measured with
a vertical universal tensile testing machine SANTAM (STM-20, Korea) equipped with a 6 N

of load cell at room temperature. The elemental composition of the PA active layer was
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investigated by XPS (Bestec, Germany). The following equation was used to calculate the

degree of cross-linking of the PA active layer [56]:

O 3m+4n

N=3m+2n m+n=1 ©)

where n and m are the relative fractions of the linear part and cross-linked part, respectively.

The developed SHN1 method based on the linear regularization theory was used to evaluate
the average pore size of substrates from the wet-flow state curve [57,58]. The membrane bulk
porosity (¢) was based on the weight change before and after immersing in DI water (24 h in

this case) and calculated by the following equation [59]:

(Myer — Mary) /Pw

B (Myyer — mdry)/pw + (mdry/pp)

€ (10)

where p,, and p,, are the densities of polymer and water, respectively, while m,,; and mg,

are the weights of the wet and dry substrates. The reported results of all tests are the average

of three randomly selected locations or three different standard measurements.

3. Results and discussion
3.1. Characterization of RB and WSD
3.1.1. Physicochemical properties

FTIR analysis was used to verify the structural nature of RB and WSD particles in this study.
With the IR spectrum, the main functional groups present on the surface can be identified. As
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shown in Fig. 1, the IR peaks at 3424 cm! and 3421 c¢cm' correspond to O-H stretching
vibrations of cellulose, hemicelluloses, lignin and (probable) absorbed water in RB and WSD,
respectively. The peak at 2925 cm!, shows the C-H stretching vibrations of methyl and
methylene groups in both particles. The peaks at 1737 cm! and 1729 ¢cm! in RB and WSD,
respectively, are attributed to the carbonyl group (C=0O) of acetyl ester in hemicellulose and
carbonyl aldehyde in lignin. Also, the bands in the range of 1000-1300 cm™! are characteristic
of C-O stretching vibration of carboxylic groups in anhydroglucose ring, hemicelluloses and,
lignin in both RB and WSD particles. Similar results can be found in the literature [48,60].
Based on the obtained results in this study, we can say that the chemical structure of RB and
WSD is very close together. Therefore, it is essential to investigate the physical and structural

differences between these two particles.
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Fig. 1 FTIR analysis of RB and WSD samples.
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FESEM images of RB and WSD particles are shown in Fig. 2. The results show that none of
the RB and WSD particles has a distinct morphology. However, the main difference between
these two samples is their particle size. The DLS analysis presented in Fig. 3 shows this
difference in particle size numerically. According to Fig. 3, the average sizes of RB and WSD
particles are around 1 and 5 um, respectively. Since the process of preparation and milling time
for RB and WSD were quite similar, the smaller particle size of RB would indicate the softer

structure of RB compared to WSD.

Fig. 2 FESEM images of RB, and WSD samples.
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3.1.2. Water uptake

One of the most critical factors for particles used in the SL of the TFC FO membranes to reduce
the DICP phenomenon is their ability to water uptake. For this purpose, the water uptake
experiment for both RB and WSD particles was performed (Fig. 4). According to Fig. 4, the
saturated water uptake for RB particles is higher than WSD particles. Considering the high
chemical similarity of RB and WSD, it can be attributed to the smaller size of RB particles, as
shown in FESEM images and DLS results, which provided more surface area for these
particles. But it is evident that in the first 720 seconds of the experiment, the water uptake of
WSD samples was equal or higher than that of the RB samples. A reasonable explanation for
this phenomenon is that smaller particles are more susceptible to agglomeration, which can
reduce the specific surface area and accessible pores. However, this is a temporary behavior
and water will eventually reach all the particles and total real surface area. So, it can be
predicted that probably, incorporation of RB particles in the SL of TFC FO membranes, has
led to more water uptake capacity and a more porous structure that has reduced the S-value and

DICP phenomenon.
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3.2. Characterization of MMMs

3.2.1. Physicochemical properties

The FTIR analysis was performed to identify the impact of the percentage loading of RB and
WSD on the chemical composition of the MMM surface and investigating the presence or
absence of new functional groups resulting from the chemical reactions (Fig. 5). According to
obtained results, the IR peaks of neat PES (PES-C) at 1585 cm! and 1486 cm! are attributed
to aromatic in-plane ring bend stretching vibration (CH3;-C-CHj stretching). The peak observed
at 1403 cm! is due to C=C aromatic ring stretching. Peaks at 1311 cm™' and 1243 cm!
correspond to asymmetric O=S=0 stretching vibration and asymmetric C-O-C stretching
(vibration of the aryl-O-aryl group), respectively. Peaks at 1159 cm! and 833 cml, is
characteristic of O=S=0 symmetric stretching vibration and hydrogen deformation of para-
substituted phenyl groups’ in-phase out-of-plane, respectively. Finally, peaks in the range of
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2900-3100 cm! can be assigned to aliphatic C-H stretching vibrations. Similar results can be
found in other literature [12,26]. In the case of MMMs, the absorption bands of PES and RB
or WSD particles were observed in all composite membranes with slight shifts in peaks’
frequencies. According to the results, due to similar chemical bonds, relative overlapping
between the bands of the RB or WSD particles and PES is observed. As shown in Fig. 5, there
is no new peak in the IR spectrum of the MMMs comparing with the neat PES and pure RB or
WSD particles, which indicates that there is no chemical reaction between the RB and WSD
particles and the PES polymer. The slight shift observed in the spectrum of MMMs in
comparison with PES-C, especially at particle loadings of 2 and 5 wt%, can be attributed to the

incorporation of particles into the polymer chains and their elongation [48].
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Table 2 also shows the structural properties of all MMMs, such as porosity (¢), thickness (t),
contact angle (CA), mean pore size (day,), and diffusion factor (sdgvg/élt). According to Table
2, the average thickness of all MMM is in the range of 38-50 um. However, under the same
conditions, the thickness of the membranes made with RB particles is lower than those made
with WSD particles, and this is probably due to the softer structure of the RB particles. The
results also show that the overall porosity of all MMM s increased by incorporating RB or WSD
particles in the support layer. Carefully in the trends of results obtained, it is evident that as the
loading percentage of RB or WSD particles increases, the overall porosity increases. However,
the effect of using RB particles to increase the total porosity of the SLs is higher than that of

WSD particles, which is attributed to the smaller particle size of RB particles.

Table 2: The general properties of all MMMs with different type and loading of RB and WSD.

Membrane code Thickness Porosity Contact ?ngle Mean Pore Size i«?zwgzadgvg
t (um) & (%) CA () davg (n) 45__ 4t

PES-C 50+1 63 +1 59+3 36.39 4.17
PES-RB-0.5 44 £2 73+£3 58+1 35.74 5.30
PES-RB-2 40+3 772 54 +1 26.79 345
PES-RB-5 38+2 91 +£3 51+3 22.35 2.99
PES-WSD-0.5 46 £2 69 +£2 57+1 35.11 4.62
PES-WSD-2 43 +3 74+£2 53+2 22.25 2.13
PES-WSD-5 41 +£2 82+2 49+3 18.02 1.62

The cross-section morphological structure of the asymmetric PES-C and corresponding
MMMs prepared in low and high loading of RB and WSD particles were characterized by
analyzing the FESEM images (Fig. 6). As can be seen in Fig. 6, the neat PES SL (PES-C) has
a typical asymmetric structure that was expected. As mentioned earlier, Fig. 6 shows the cross-
section images of MMM s in low and high loadings of RB and WSD particles. The results show
that both RB and WSD particles are well dispersed in the polymeric matrix. By adding both
RB and WSD particles in PES, the structure of the PES-C membrane cavities will undergo

some changes. The formation of some macropores in the structure of MMM s is evident. Also,
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the larger particle size of WSD is apparent in the FESEM images of MMM s. This observation

confirms the results presented in Figs. 2 and 3.

Fig. 6 The cross-section morphologies of prepared MMMs.

Since the properties of the SL surface affect the formation of PA layer characteristics such as
the cross-linking degree and thickness, AFM analysis was used to provide an insight how the
neat PES membrane surface roughness changes with RB and WSD loadings. Accordingly, the
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roughness factors and AFM 3D images of all prepared SLs are shown in Table 3 and Fig. 7.
According to obtained results, the surface roughness was increased by adding both RB and
WSD particles. It is also clear that under the same conditions, the MMMs fabricate with WSD
particles are rougher than those made with RB particles. The larger particle size of WSD along

with their coarser nature are some of the reasons for these results.

Table 3: Surface roughness parameters of MMMs.

Membrane code R, (nm) Rq (nm)
PES-C 6.5 8.1
PES-RB-0.5 7.01 9.03
PES-RB-2 8.07 10.19
PES-RB-5 8.81 10.93
PES-WSD-0.5 7.27 9.31
PES-WSD-2 8.47 10.65
PES-WSD-5 9.37 11.39

Fig. 7 3D AFM images of the prepared MMMs.
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Interestingly, the SLs modified with RB and WSD were found to have smaller water contact
angle (CA) than the neat PES-based membrane, as shown in Table 2 due to the high
hydrophilicity of WSD/RB particles. Water uptake experiments showed that RB particles are
more hydrophilic than WSD particles. However, the results of the CAs showed that under the
same conditions, the membranes fabricate with WSD have smaller CA. The reason for this
contradiction is the surface roughness. As listed in Table 3, the MMMs made with WSD
particles are rougher than those made with RB particles. According to the Wenzel equation, for
wettable surfaces (CA <90°), the surface CA decreases with increasing the surface roughness
[61]. Thus, the surface roughness of the MMM, particularly in WSD-based MMMs, increases

the hydrophilicity, which can eventually result in a decrease of CA of SLs.

The impact of the incorporation of WSD and RB particles on the mechanical properties,
including elongation at break and tensile stress of all prepared SLs is shown in Fig. 8. For a
specific polymer, the added particles (filler) strongly affected the mechanical properties of the
prepared MMM, and it was dependent on the physicochemical properties of membranes such
as the percentage of loading, particle size, agglomeration of particles, and the affinity between
polymers and fillers [48]. Accordingly, the results presented in Fig. 8 show that the final
amounts of elongation at break and tensile strength of prepared MMMs are decreased with
increasing the percentage loading of WSD or RB particles. Reduction of flexibility and
plasticity of the PES chains after the presence of WSD and RB particles in the polymeric matrix
shows no considerable affinity between WSD or RB particles and PES chains (such as chemical
bonds), and formation of macropores in the prepared MMMs would justify these results

[48,62].
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Fig. 8 Elongation at break and tensile strength of prepared MMMs.

3.2.2. Intrinsic separation property

The effect of loading of WSD and RB particles on the pure water permeation (PWP) and the
diffusion factor (sd;zwg/élt) of the MMMs is shown in Fig. 9. As shown in Fig. 9, the PWP
values are higher for MMMs than those obtained for the neat PES membrane and reached a

maximum amount at 0.5 wt% loading percentage.

Given that the overall porosity of the all prepared MMMs increased with increasing the
percentage of additives, the obtained results for the PWP seem a little unreasonable.
Nevertheless, it should be noted that the values obtained for PWP are not only dependent on
the overall porosity. PWP values depend on two chemical and physical factors [24,49]. In this
study, the only chemical factor is the CA, while the most important physical factor is the

diffusion factor (sdezwg/élt). The results presented in Table 2 show that the CA values are not
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very significantly different between these six SLs. The mismatch between the trends of
changing PWP and CA also indicates that the chemical factor is not determinant (at least in
this study). However, Fig. 9 shows that the trends in PWP and diffusion factor changes are
entirely consistent. Accordingly, owing to the more significant diffusion factors in PES-WSD-
0.5 and PES-RB-0.5 SLs, the higher PWP values obtained for these two SLs are reasonable.
According to the results presented in Fig. 9, it can be said that the obtained PWP values for the
SLs containing RB particles are higher than the corresponding SLs containing WSD particles.

These results are also related to the trend of changing diffusion factors.
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Fig. 9 Pure water permeation and diffusion factor of all prepared MMMs.

3.3. Characterization of TFCs
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3.3.1. Characterization and separation performance

The performance of the TFC membranes depends on the properties of both AL and SL.
Accordingly, the SL information was examined in the previous sections. For further
investigation, in this section, contact angle (8), thickness (L), salt rejection (R), and the ratio of
transport parameters (B/A) for all TFC membranes, are listed in Table 4. Fig. 10 illustrates the
intrinsic water permeability (A) and salt flux (B) of all TFC membranes. According to the
obtained results, the RB and WSD particles led to the formation of macro voids in the SL
structure and reduction of the membrane thickness, as listed in Table 4. Compared to the TFC-C
membrane, a tangible increase in the CA of the PA layer was recorded by adding 0.5 wt% of
RB and WSD particles to the SL. For the rest of the TFC membranes, there was a slight
decrease in the CA of the PA layer due to adding 2 and 5 wt% of RB and WSD particles to the
membranes. This decrease is attributed to the porosity and pore size of the SL and the amount
of hydrophilic agent. As shown in Fig. 10, the use of MMM s instead of neat PES membrane,
as porous SL fir the TFC membranes caused a non-monotonic behavior of A-values. At low
loading percentage (0.5 wt%), the use of PES-RB-0.5 and PES-WSD-0.5 instead of PES-C
membrane as SL caused a slight decrease in A-values. Compared to PES-C, increasing the
loading percentage of RB and WSD particles into the MMM s increased the A-values (Fig. 10).
Also, at all loading percentages, the A-values of WSD-based TFC membranes were higher than
the corresponding RB-based TFC membranes. The trend of the obtained results for A-values
and change the results with the change of loading percentage (for a specific polymer) as well
as the change of additive type (for a constant loading) are in sharp contrast with the PWP results
shown in Fig. 9. More likely, this contrasting behavior is due to the differences in the PA layers.
Aa a matter of fact, to better understand how the differences in the PA layers can impact on the

results, characterization tests on PA layers have to be performed.
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Table 4: Summary of the thickness, contact angle, ratio of transport parameters, and salt
rejection of all TFC membranes.

Membrane Type Thickness, L~ Contact angle, 0 B/A Salt rejection, R
(um) @) (kPa) ()
TFC-C 51+£2 47+ 1 14.40 97.20
TFC-RB-0.5 45+ 1 50+2 9.91 98.06
TFC-RB-2 41 +1 46 +2 14.74 97.14
TFC-RB-5 39+ 1 45+ 1 15.23 97.04
TFC-WSD-0.5 47+£2 49 +2 10.59 97.93
TFC-WSD-2 44 + 1 43 +3 15.82 96.93
TFC-WSD-5 4242 43+ 1 17.52 96.61
1.00
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Fig. 10 Water permeability (A) and solute flux (B) of all TFC membranes.

For the characterization of the PA layer, the XPS analysis was performed on the top surface of
the TFC membranes to calculate the crosslinking degree of the PA layer on all SLs. Table 5
listed the elemental composition of the PA layer for each TFC membrane. The results show
that by incorporation of RB and WSD particles into the neat PES matrix, the degree of

crosslinking of the PA was changed. In describing the IP reaction process, it can be said that
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the MPD monomer diffuses from the SL pores to reach the aqueous/organic interface in which
the TMC monomer exists, then the PA layer forms through the chemical reaction between
MPD and TMC monomers [51,52]. The diffusion rate of the MPD monomer depends on two
chemical and physical factors, which will be examined separately. In the case of chemical
factors, the hydrophilicity of the SLs affects the diffusion rate of the MPD monomer and the
formation of the PA layer. In effect, hydrogen bonding between the MPD and the hydrophilic
groups prevents the facile diffusion of the MPD to the surface of the membrane, and it can limit
the formation of the PA layer and reduces the degree of crosslinking. For physical factors, the
diffusion rate of the MPD monomer is proportional to sdgvg/élt factor [28]. Besides, some TMC
may diffuse into the cavities and form precipitated PA in the pores [28]. Accordingly, the
formation of the initial PA layer can also act as a barrier layer against the diffusion of the MPD
and limits the further growth of the PA layer. This phenomenon depends on several factors,
such as the SL pore size and polymerization time, and it can be only confirmed by examining
the results of the degree of crosslinking or A-values. According to obtained results, the CA of
MMMs decreased in the order of PES-C > PES-RB-0.5 > PES-WSD-0.5 > PES-RB-2 > PES-
WSD-2 > PES-RB-5 > PES-WSD-5. In addition, the factor was decreased in the order of
PES-RB-0.5 > PES-WSD-0.5 > PES-C > PES-RB-2 > PES-RB-5 > PES-WSD-2 > PES-WSD-
5. Finally, the results listed in Table 5 show that the degree of crosslinking value was decreased
in the order of TFC-RB-0.5 > TFC-WSD-0.5 > TFC-C > TFC-RB-2 > TFC-RB-5 > TFC-
WSD-2 > TFC-WSD-5. These results show that the formation of the PA layer is influenced
mostly by physical factors. In effect, given that the CA values for all the SLs do not differ
significantly. It is evident from the results that the hypothesis of PA layer formation inside the

pores is incorrect.

The degree of crosslinking and the quality of the PA layer is critical in determining the rejection

of the salts [63]. The B/A ratio is a decisive factor that describes the membrane selectivity [29].
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According to results presented in Tables 4 and 3, it is clear that the trends of changes for B/A
ratio and degree of crosslinking are inversely proportional. In other words, by increasing the
degree of crosslinking of the PA layer, the R-values also increased. Depending on the
membrane application, the best membrane would be selected as a tradeoff between water

permeability and salt rejection parameter.

Table 5: XPS analysis of TFC membranes fabricate by various types of substrates.

Membrane Type O(%) N (%) C((*%) O/N O/C N/C Degree of cross-linking (%)
TFC-C 1836 12.08 69.56 1.52 026 0.17 38
TFC-RB-0.5 1454 11.08 7438 1.31 020 0.15 59
TFC-RB-2 1897 12.17 68.86 156 028 0.18 34
TFC-RB-5 19.53 12.18 68.29 1.60 029 0.18 30
TFC-WSD-0.5 1408 1030 75.62 137 0.19 0.14 53
TFC-WSD-2 20.04 1223 6773 1.64 030 0.18 27
TFC-WSD-5 2062 1241 6697 1.66 031 0.19 25

To further investigate the top-surface morphology of all TFC membranes, characterization by
FESEM was performed, and the results are presented in Fig. 11. According to the obtained
results, the top-surface of all TFC membranes presented typical ridge and valley structures,
indicating that the selective PA layer was successfully formed on the top surface of all SLs.
According to the images presented in Fig. 11, it is evident that the PA layer for the PES-RB-
0.5 and PES-WSD-0.5 membranes has a more compact structure than the other TFC
membranes. However, the PA layer for the rest of the MMM-based TFC membranes has a less
compact structure than the neat PES-C membrane. Given that the compact structure of the PA
layer and the degree of crosslinking are proportional to each other, it can, therefore, say that

the results presented in Table 5 as well as the images presented in Fig. 11 confirm each other.




Fig. 11 Top surface FESEM images of the prepared TFC membranes.

3.3.2. Performance of the FO membrane

The performance of the FO membrane was evaluated in terms of water flux (Jy) and specific
reverse salt flux (J¢/Jy) for all TFC FO membranes in the AL-FS mode (Fig. 12). In all
experiments, deionized water was selected as the FS and two NaCl solutions with
concentrations of 0.5 and 2.0 M were selected as the DS. As shown in Fig. 12, Jw of the MMM-
based TFC FO membranes is higher than those values of the neat PES-C membranes, which is
indicative of the positive effect of adding the RB and WSD particles in the TFC FO membranes.
After increasing in DS concentration from 0.5 to 2.0 M, the amount of Jw increased because
of the more significant driving force created across the FO membranes. Results also revealed
that the amount of J,, increased with increasing the percentage loading of particles for both
types of RB and WSD TFC membranes. However, this increase in the Jw was higher for the
RB-based TFC membranes due to the higher A-value (Fig. 10). However, comparing these

results shows that the MMM-based TFC membranes containing 5 wt% of the additives exhibit
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inverse behavior. According to the theory of the FO process, increasing Jw (despite decreasing
A) is due only to the more increase in active DS osmotic pressure (Ameg) as a result of
increasing the concentration gradient across the membrane (ACqg)?!. At first glance, it can be
said that according to these facts that TFC-RB-0.5 and TFC-WSD-0.5 membranes have the

highest factor (even higher than the TFC-C membrane), such results are justified.
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Fig. 12 FO water flux and FO reverse solute flux of the TFC membranes in FO mode.

A detailed investigation of this phenomenon will be possible by analyzing some critical
parameters such as structural parameter (S), and tortuosity (t), as presented in Table 6. As
stated in the previous sections, these parameters will be used as direct indicators of the intensity
of DICP in the FO SL and can complete the description trends of J,,. According to the obtained

results, after incorporation of RB and WSD particles into the neat PES, these parameters are
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reduced. Also, the structural parameter for all RB-based TFC membranes is lower than that of
corresponding WSD-based TFC membranes. The trends of reducing structural parameters are
proportional to the trends of increasing the loading of additives. As such, the diffusion of DS
increases in the SL pores by increasing the loading of RB and WSD particles. These results
have a direct impact on the osmotic pressure (Ates). Fig. 13 shows the values of all TFC FO
membranes. As shown in Fig. 13, by increasing the loading of RB and WSD particles, they
will increase. Also, by comparing the results presented in Table 6 and Fig. 13, it can be stated
that the diffusion of DS into the all RB-based SL pores is more than that of corresponding
WSD-based SL pores due to the lower structural parameter of the RB-based SL, especially for
the PES-RB-0.5 and PES-WSD-0.5 membranes. The results confirm that the values of the

structural parameters and A are inversely correlated.

Table 6: Summary of the structural parameters of the TFC membranes.

Membrane Type S (pm) Changing S (%) T
TFC-C 614.59 --- 7.59
TFC-RB-0.5 250.61 -59.22 4.07
TFC-RB-2 155.11 -74.76 291
TFC-RB-5 86.72 -85.89 2.02
TFC-WSD-0.5 392.90 -36.07 5.77
TFC-WSD-2 211.21 -65.63 3.55
TFC-WSD-5 111.76 -81.82 2.18
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Fig. 13 Values of ACeff for all TFC membranes.

The study on the performance of the TFC FO membranes can be complemented by an
investigation on the Jy/J,, ratio, which estimates the lost amount of solutes during the FO
experiment. The high amount of the Jy/J;, ratio indicates low selectivity. Fig. 12, shows the
results of the J¢/J, factor for all TFC membranes in two DS concentrations. As shown in Fig.
12, the JJ/J,, factor for TFC-RB-0.5 and TFC-WSD-0.5 is lower than the other TFC FO
membranes. These two membranes have the highest rejection rate due to the highest degree of
crosslinking. In effect, by comparing the results of the degree of crosslinking presented in Table
5 and the results of the J¢/J,, factor presented in Fig. 12, it can be stated that the values of the
J¢/J, ratio and the degree of crosslinking of the PA layer are inversely correlated. Accordingly,
the highest J¢/J,, ratio obtained is for the TFC-WSD-5 membrane having the lowest degree of

crosslinking.
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3.4. Characteristic curve of TFC FO membranes

The characteristic curve presents a trade-off between J/Amtpeoretical and J/Js factor, as shown
in Fig. 14. The results show that the use of RB and WSD particles into the PES matrix improved
the performance of the neat TFC-C membrane. Besides, at lower DS concentrations, the FO
performance was increased because of the decreased DICP phenomenon. Given the
characteristic curve, it can be safely stated that the TFC membranes fabricate with RB particles
are far better than those made with WSD particles. These results show that although the
chemical structure of the RB and WSD particles are similar, the differences in physical

structure between them will lead to different results in the FO experiment.
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Fig. 14 Comparisons of FO performance of all TFC membranes (orientation: FO mode, FS: DI water, DS: NaCl

0.5 and 2 M).

Fig. 15 compares the performance of all fabricated MMM-based TFC FO membranes with

some results reported in the literature [27-29]. A larger circle means better performance in
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terms of both J,/Js and J,,. The results presented in Fig. 15 shows that the fabricated MMM-
based TFC FO membranes in this study perform better than many of the TFC FO membranes
made by other researchers [27-29]. The membranes fabricate with RB particles also show great
results and are competitive with the TFC FO membranes that have shown outstanding
performance. The importance of these results is not only in analyzing the transport parameters
and comparing them with other membranes. What is noteworthy is that the MMM-based TFC
FO membranes used in this study fabricated with very inexpensive additives. Indeed, after
using RB and WSD particles in the neat PES-C membrane, we will see an increase in

membrane efficiency, with no additional cost.
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Fig. 15 Comparisons of FO performance of MMM-based TFC FO membrane with other TFC membranes

presented in literatures [27-29], (orientation: AL-FS mode, FS: DI water, DS: NaCl 0.5 M, T: 20-25 °C).

3.5. Seawater desalination
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In order to investigate the potentials of using the RB and WSD particles with various loading
in reducing the DICP phenomenon and desalination performance of the FO process, all of the
prepared MMM-based TFC FO membranes were examined using Caspian seawater FS in AL-
FS mode. The corresponding results compared to DI water flux presented in Fig. 16. In all
experiments, 2 M NaCl solution was used as DS. As shown in Fig. 16, after using the Caspian
seawater instead of DI water as the FS, about 28.73% decrease in the J,, was observed for the
PES-C membrane. However, after using the fabricated MMM-based TFC membranes, the J,
was decreased about 25.26, 23.88, 23.70, 22.67, 21.92 and 21.45% for TFC-WSD-0.5, TFC-
RB-0.5, TFC-WSD-2, TFC-RB-2, TFC-WSD-5, and TFC-RB-5, respectively. The results
show that the J,, trends are proportional to the changes in the structural parameters of each
membrane (see Table 6). Accordingly, the more positive impact of using the RB-based MMMs
is more evident. According to the obtained results can be stated that the reduction rate of J,,
was not remarkable, which indicates the good performance of fabricated MMM-based TFC FO

membranes in Caspian seawater desalination.
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Fig. 16 A comparison between selected TFC FO water flux for DI water, and Caspian seawater as FS,

(orientation: FO mode, DS: NaCl 2 M).

Finally, all of the fabricated TFC FO membranes were continuously examined for the
desalination of Caspian seawater, and the normalized results of Jw during 30 hours are
presented in Fig. 17. As shown in Fig. 17, during the test, the TFC-C membrane showed about
18.48% reduction in Jw. This reduction was attributed to the membrane fouling, attenuation of
the osmotic driving force, and DICP phenomenon. The mutation in performance was observed
in all fabricated MMM-based TFC FO membranes. According to obtained results, the TFC-
WSD-0.5, TFC-RB-0.5, TFC-WSD-2, TFC-RB-2, TFC-WSD-5, and TFC-RB-5, showed
about 17, 16.3, 15.4, 14.5, 14, and 12.1% reduction in Jw, respectively. In other words, a
sharper drop in Jw was found for the PES-C membrane compared with the fabricated MMM-
based TFC FO membranes and the WSD TFC membrane showed a slightly larger drop in the

Jw than RB TFC FO membrane.
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4. Conclusions

In this study, PES-based membranes have been successfully modified with the incorporation
of natural green raw particles of RB and WSD as porous fillers to fabricate MMM SLs to
enhance the water flux (J,) of TFC FO membranes. Based on FESEM and DLS analyses and
with considering the same preparation conditions, RB particles were about four times smaller
than WSD particles which also was evident by the results of the water uptake test that showed
better results for RB particles. In the case of MMM SLs, by addition of RB and WSD particles
into the PES, the diffusion factor (sdezwg/é}t) was increased in the case of 0.5 wt% of additives
and decreased by the further addition of particles (2 & 5 wt%). In the trend of PWP changes,
the diffusion factor was the dominant variable because of the minor differences of CAs.

Accordingly, the PES-RB-0.5 showed the highest PWP of 160.98 L/m?.h.bar with the highest
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diffusion factor of 5.30. In the case of TFC membranes, some different results, especially in
the case of water permeability (A) and FO water flux (J,), were observed which were justified
using the AL cross-linking degree results obtained by the XPS analyses. Due to the
insignificant changes of CA and the dominance of the diffusion factor, the cross-linking degree
is proportional to the sdivg/ 4t factor, which reverses the trend of A-value changes toward PWP.
Accordingly, since the diffusion factor of WSD-based membranes is smaller than that of
corresponding RB-based membranes, WSD-based membranes showed better results and TFC-
WSD-5 showed the highest A-value of 3.31 L/m?.h.bar with the lowest degree of crosslinking.
Also, in the FO experiment with DI water and Caspian seawater as FSs, the RB-based TFC
membranes showed better results than WSD-based membranes. The TFC-RB-5 membrane
with 2 M NaCl solution as DS exhibited the highest values of J,, of 83.65 and 65.71 L/m?.h for
the DI water and Caspian seawater as FS, respectively. Durability analysis in the period of 30
h for Caspian seawater desalination, also showed the positive impact of using the RB and WSD
particles. The importance of these valuable results is that they all achieved at a highly low-cost

and in a simple modifying method.
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Nomenclature and Abbreviations

ICP internal concentration polarization

FO forward osmosis

RB rice bran

WSD wood sawdust

PES polyethersulfone

MMM mixed matrix membrane

SL support layer

TFC thin-film composite

FTIR fourier-transform infrared spectroscopy

FESEM  field emission scanning electron microscope
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AFM
XPS
CA
DLS
RO
DS
AL
CP
DICP
MOF
NP
PA
1P
DMF
NMP
™C
LiCl
PVP
MPD

atomic force microscopy

x-ray photoelectron spectroscopy

contact angle

dynamic light scattering

reverse 0osmosis

draw solution

active layer

concentration polarization

dilutive internal concentration polarization
metal-organic framework

nanoparticle

polyamide

interfacial polymerization
dimethylformamide
n-methyl-2-pyrrolidone

trimesoyl chloride

lithium chloride

polyvinylpyrrolidone
m-phenylenediamine

deionized water

total dissolved solids

liquid nitrogen

non-solvent-induced phase separation
concentrative external concentration polarization
pure water permeation

FO water flux (L/m2h)

structural parameter (um)

Thickness (um)

tortuosity

Porosity

salt rejection

water permeability coefficient (L/m?hbar)
solute flux (L/m?h)

weights of the wet samples (mg)

weights of the dry samples (mg)

RO water flux (L/m?h)

hydraulic pressure difference (bar)
osmotic pressure difference (bar)
Molarity (mol/L)

absolute volume change of the FS (L)

FO test time (h)

Osmotic pressure of DS (bar)

Osmotic pressure of FS (bar)

average reverse salt flux (g/m?h)

final salt concentrations in the FS (mol/L)
initial salt concentrations in the FS (mol/L)
membrane-active area (cm?)

final volume of the FS (L)

initial volume of the FS (L)

salt diffusion coefficient (m?/s)
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relative fractions of the linear part of PA layer

K DS resistivity to diffusion (s/um)
n
m relative fractions of the cross-linked part of PA layer

Pp density of polymer (g/cm?)

D density of water (g/cm?)

Myer weight of the wet substrates (mg)

My weight of the dry substrates (mg)

Aavg mean pore size (nm)

R, R, roughness factors (nm)

Aty effective osmotic pressure (bar)
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Research highlights

TFC membranes supported on RB- and WSD-based MMMs were fabricated for FO process
Incorporation of both RB and WSD particles in the TFC SL resulted in a dramatic decrease in
structural parameters

Control of the DICP phenomenon was achieved with the use of RB and WSD particles

The positive impact of using the RB and WSD particles on Caspian seawater desalination was
evident

These valuable results achieved at a highly low-cost and in a simple modifying method
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