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Abstract

Membrane technology is becoming increasingly imgpartto solve the global water
scarcity problem because it allows an efficiengreenic and environmental friendly
treatment of water. However, the long-term use @fti@tion membrane is limited by
fouling, which reduces water production rates anuldases energy consumption. In this
paper, polyester thin film nanofiber composite (FENC) membranes with improved
antifouling performance were developed for wastewdteatment. The membranes
were prepared by interfacial polymerization (IP)bigphenol A (BPA) and trimesoyl
chloride (TMC) on the surface of polysulfone elesppun nanofiber membranes (PSU
ENMSs). The antifouling properties of the membramee improved by varying the
polymerization reaction time. All membranes werareleterized with scanning electron
microscope (SEM), attenuated total reflectance#muransform infrared spectroscopy
(ATR-FTIR), porometry and zeta potential measuremiedumic acid (HA) permeation
tests were carried out to relate their physicockahproperties to their filtration and
antifouling performance. The best PE TFNC membi@oéymerized for 15 min) was
compared with polyester based thin film compositembranes prepared on other
supports and polyamide based thin film compositembranes formed by IP of
piperazine (PIP) and TMC in the presence of triylatihine (TEA). The best PE TFNC
membrane exhibited a permeability of 213.0 ftirbar, two orders of magnitude greater
than previously reported PE thin film composite rbeanes, a HA separation factor of

72.5% and an irreversible fouling factor of 10.2%.

Keywords: Electrospun nanofibrous membrane; Interfacial pegeation; Polyester;

Polyamide; Thin film composite; Antifouling; Wastater treatment.
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1. Introduction

Membrane filtration technology has demonstrate@rmsitze practical applications in
separation processes such as water purificatiostewater treatment and seawater
desalination. The numerous advantages of membraoclnalogy in filtration
applications include the low cost, high efficienepnplicity, insignificant chemical
consumption and environmental friendliness [1]. ldger, the main obstacle that
restricts the application of membranes in wateattnent is membrane fouling, which
usually lowers the water productivity, deterioratesmbrane separation capability (i.e.
reduction of the permeate quality), shortens menrifespan and consequently,
increases the operation and maintenance costs. [Eel]ling originates from the
interaction between a membrane surface and foghatius, it is strongly influenced by
the physicochemical properties of the membraneasarfsuch as pore size and its
geometry, charge density, roughness and hydrofifi[@-6]. Therefore, it is of a great
importance to design and develop new membranesoptiinized surface properties to
reduce fouling in order to overcome the aforememiblimitations.

Interfacial polymerization (IP) is an effective migrane surface modification
technique widely used to improve both the filtratiand antifouling performance of
membranes [2, 3, 5-10]. After IP, the resultingnthim composite (TFC) membrane is
comprised of a thin polymeric active layer on tdpaoporous supporting membrane.
The key advantage of the TFC approach is the pessdparate optimization of the
active layer and the support layer to get membravits high filtration performance.
Most of the research studies have been focused) optimizing the physicochemical
properties of the TFC active layer to improve thernpeability, selectivity and
antifouling capacity of the resulting membranes-17], and ii) improving the intrinsic

morphological structure and chemical propertieshaf support layer suitable for the
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active layer formation with enhanced mechanicakrgjth and low resistance to
permeate flow [18-25].

Several parameters are involved in the IP procelikeethe monomer type and its
concentration in the aqueous and the organic phtsesised additives in both phases
and the polymerization reaction time. It was shdhat the IP reaction time plays an
important role in determining the structural morlglygy and composition of the active
layer as it affects the extent of polymerization éimus the density and thickness of the
active layer [14, 16, 26-30]. Different types of telasoluble monomers have been
considered such as the commonly used polyamine®rto polyamide (PA) TFC
membranes [10-16, 24-28] and the less used pobojwlyphenols to form polyester
(PE) TFC membranes [7-9, 31, 32]. These last memaisr&xhibit higher antifouling
performance against hydrophobic contaminants becaistheir abundant surface
hydroxyl groups, whereas PA TFC membranes haverbsdit rejection properties due
to their highly cross-linked structuréor instance, PE TFC membrane prepared by IP
using tannic acid (TA) and trimesoyl chloride (TMGh a porous polyethersulfone
(PES) ultrafiltration (UF) support [8] exhibited Bbgreater water permeabilitiP\(VP =
23.4 Linth.bar) and much better antifouling capacity agamsnic acid (HA) (i.e.
lower irreversible fouling factofRy = 1%) than that of a PA TFC membrane prepared
by IP of piperazine (PIP) and TMC on a PES UF sup®\P = 10.3 L/nth.bar and
FRw = 48%, respectively) [6]. However, the salt ra@etof MgSQ of the PE TFC
membrane (50.2%) was lower than that of the PA T&nbrane (97.4%).

The most common used porous supports to developTHE membranes are
commercial microfiltration (MF) and UF membranedair-made membranes prepared
by the phase inversion method, which usually haveva surface porosity [33].

Polysulfone (PSU) [3-5, 15-17] and PES [6-8, 11-41% the most employed supporting
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materials, mainly due to their low price, ease mfcpssing, and good chemical, thermal
and mechanical resistance. Recently, electrospuaofib@r membranes (ENMs) were
successfully used as an alternative support tadater TFC membranes [22, 33-35].
Compared with the conventional MF/UF supporting raeanes, ENMs offer unique
advantages such as a higher porosity, an intercteshenanofiber structure with an
open pore morphology and a larger surface arealtone ratio, a low flow resistance
and a high permeability. The resulting thin film nofiber composite (TFNC)
membranes exhibited significantly higher permeafiores and comparable rejection
factors than the commercial nanofiltration (NF) nbeames and conventional TFC
membranes. For instance, the PA TFNC membrane aselby Yung et al. [33]
achieved a superior filtration performance overoaventionally prepared PA TFC
membrane, with a salt rejection factor of 99.1% angermeation flux about 2 times
higher than that of the PA TFC membrane having larsgction factor of 97.3%.
Recently, Kaur et al. [34] reported PA TFNC memlesarwith up to 256% larger
permeate fluxes than those of commercial NF mendsramd only 8-12% lower salt
rejection factors. Compared to PA TFNC membranesy few studies have been
reported on the development of PE TFNC membranes.

In the present study, PE TFNC membranes were prdpay IP of bisphenol A
(BPA) and TMC. The effects of the polymerizatioracgon time on the antifouling
performance and the physicochemical propertieshef RE TFNC membranes were
studied and the optimum IP reaction time was datexch Furthermore, the formation
process of the PE layer was elucidated by meafd R spectra. PE layers were also
prepared on different supports under the optimumcdRditions to investigate the
influence of the supporting membrane on the physiemical properties, the filtration

performance and the antifouling capacity of theiltesy PE TFC membranes. Different
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PA TFC membranes were also prepared by IP reacfipiperazine (PIP) and TMC in
the presence of the acid acceptor trimethylaminBAJT and their filtration and

antifouling performance was compared to that ofRBEeTFC membranes. New insight
on the formation of the PE thin film layer on ENM&s emphasized in this study
showing the relationship between the polymerizaticgaction time and the

physicochemical, filtration and antifouling propest of the PE TEFNC membranes.

2. Materials and methods
2.1. Materials

The spinning solution was prepared from the polyp@ysulfone (PSU, UDEL P-
3500 LCD, Solvay Specialty Polymers; Mw = 79,00éngl: p = 1.24 g/cm) and a
mixture of the solventsN, N-dimethyl formamide (DMF, Sigma-Aldrich) and
tetrahydrofuran (THF, Sigma-Aldrich). The mononmamesoyl chloride (TMC, Sigma-
Aldrich) and the solvent hexane (Sigma-Aldrich, ipsi; >99% (GC)) were used to
prepare the organic phase for the modificationh&f surface of the membranes by
interfacial polymerization (IP). For the aqueousagdn the monomers bisphenol A
(BPA, Sigma-Aldrich), m-phenylenediamine (MPD, Say#ldrich), triethylamine
(TEA, Sigma-Aldrich), piperazine (PIP, Sigma-Aldrjcand polyvinyl acetate (PVA,
Sigma-Aldrich) were used either separately or comtbito form a polyester (PE) or
polyamide (PA) layer on the membrane surface. Tigaroc foulant humic acid (HA,
Fluka) having a molecular weight of 4.1 kDa was Eygd to prepare the feed solution
of the filtration tests. Sodium hydroxide (NaOH,nRsac) was used to prepare a
standard HA concentrated solution of 1 g/L. Hydtodh acid (HCI, Sigma-Aldrich)
was used to adjust to 11 the pH of the HA feedtsniuwf 15 mg/L. Isopropyl alcohol
(IPA, Sigma-Aldrich) was used to determine the vewume fraction §) of the

membranes. POREFR, a fluorinated hydrocarbon (chemical nature: perb-ether,
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surface tension: 16 mN/m, vapor pressure: 3.33 Réscosity: 4.4 mPa-s,
POROMETER), was used as a wetting liquid to perftine pore size measurements.
Commercial polyethersulfone (PES) microfiltrationrMK) membrane (HPWP,

hydrophilic, Millipore) was used as a support.

2.2. Preparation of PSU ENMs

The spinning solution was prepared by dissolvingna®6 PSU into the solvent
mixture DMF/THF (80/20 wt.%). The solvent mixturettvPSU was kept at 60°C and
stirred at 80 rpm for 10 h until the polymer wasngdetely dissolved and the solution
became homogeneous. The PSU electrospun solutidr3h& + 1.8 mN/m surface
tension, 485.3 = 0.8 mPa-s viscosity and 9.12 5 03/cm electrical conductivity at
25°C. More details can be found elsewhere [36].

Electrospinning was applied to prepare the PSU ENBBg the system described
elsewhere [37, 38]. All PSU ENMs were prepared uaride optimum electrospinning
parameter conditions [37]: a polymer solution flate of 2.5 mL/h, an electric voltage
of 16 kV, an air gap of 10 cm and an electrospigniime of 45 min. The
electrospinning ambient conditions were kept in theges 20-25°C and 38-41%
relative humidity.

After electrospinning, PSU ENMs had a silky, flufand loose structure, which
required delicate handling. Several studies [36,39741] demonstrated the importance
of the application of a heat post-treatment (HPT)ENMs to improve their structural
integrity, mechanical stability and filtration permance. Thus, in this study, two
different conditions of the HPT were carried on B@U ENMs after electrospinning.
The PSU ENMs were treated either for 75 min at ZZEENM1) or for 120 min at 220
°C (ENM2) (see Table 1). These were the optimizeaditions resulting in very high

filtration performances in our previous study [36].
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2.3. Preparation of polyester and polyamide thin fm composite membranes

IP is based on the formation of a dense polymepclayer (thin film composite) on
the membrane surface (support) as a result ofethetion between two monomers at the
interface of two immiscible solvents (i.e. aqueauns organic phases). In this study, IP
was employed to prepare polyester (PE) and polyaufi#d\) thin film composite (TFC)
membranes. Figure 1 shows a schematic illustradfothe process: 1) the supporting
membrane was immersed for 60 min in an aqueoudi@oleontaining a reactive
monomer; 2) the soaked membrane was taken out frmmaqueous solution and
positioned vertically for 2 min to drain the excegsmonomer on its surface; 3) the
membrane was then dipped for 5, 10, 15 or 20 mia second solution containing
0.25% w/v TMC in hexane; 4) the soaked membrane exéimcted from the organic
solution and drained vertically for 1 min; 5) fiyglthe membrane was dried in open-air
for 24 h before characterization. All these stegseacarried out at room temperature
(~23°C).

In this study, the monomers BPA and TMC were useidtm a dense and thin layer
of PE on the membrane surface, whereas the cormdnnat monomers PIP and TMC
in presence of the acid acceptor TEA was usedrta @PA thin film on the membrane
surface. Figure 2 shows the schematic reaction amestms of these different IP
approaches. The thin film layers were formed onptepared PSU ENMs (i.e. TENC)
and on PES commercial membranes (i.e. TFC) for sdkeomparisons. Table 2

summarizes the preparation conditions of all dgyatiomembranes in this study.

2.4. Membranes characterization

The average thickness of the unmodified supportmembranes and its standard
deviation were calculated from 41 different poimeasured along the membrane

surface using a micrometer equipped with a fed®dr ([socontrol).
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The water contact anglef4 of the unmodified supporting membranes were
measured at room temperature using a CAM100 defBtg with the Cam200usb
software, which was used to acquire photographshefwater drop on the sample
surface and to calculate the contact angle valudamilton stainless steel needle was
used to control the volume of the drops, which emhbetween 12 and 34.. For each
ENM sample at least 10 different drops were comeidi¢o determine the average value
of the g, together with its standard deviation.

The void volume fraction (porosits) of all unmodified ENM supporting membranes
was determined by measuring the density of therpetymaterial f,.) using isopropyl
alcohol (IPA), which penetrates into the pores, #r& density of the membrang.j

using distilled water, which does not go into tleegs, according to equation (3) [42].

g(%)=(1—p’”>-100 (3)

Ppot

The surface morphology of the membranes was arhlyme a field emission
scanning electron microscope (FESEM, JEOL Model -B3856F) operated at 5 kV.
Before conducting the SEM analysis, a thin goldetayf about 5 nm was sputtered on
the membrane surface using an evaporator (EMITEGHOKX) for one minute under
25 mA. SEM images were evaluated with the softwdfélSCSA Image Tool 3.0 to
measure the diameter of the nanofibers of the PREM4<£ At least 3 SEM images/per
ENM sample were considered and the diametersaihriumber of 100 nanofibers/per
image were measured. Statistical analysis was tesdetermine the nanofiber diameter
distribution (i.e. nanofiber diameter histogramylda estimate the arithmetic weighted
mean of the nanofiber diameters,() with its corresponding weighted standard

deviation §,,). More details can be found elsewhere [36].
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The pore size of the membranes (i.e. inter-fibacedor ENMsgk) was measured at
room temperature (~23°C) with the capillary flowguoetry method using a gas—liquid
displacement Porometer (POROLUX™ 100, PorometédDREPFIL® (Porometer) was
employed as the wetting liquid agent and compresseds the inert gas. The applied
hydrostatic pressure was varied in the range 045 04Pa. At least 3 tests were
performed for each membrane. The mean pore sijetlie pore size distribution or
differential filter flow OFF) and the cumulative filter flow distributiorCEF) of the
membranes were determined using the wet and dwesur

The chemical structure of the membranes was ardhlyse Attenuated Total
Reflectance Fourier Transform Infrared (ATR-FTIRpestroscopy with a Nicolet
device (Magna-IR 750 Series 1) equipped with thetedtor DTGS-KBr (sulfate
triglycerin deuterated with KBr window), a beamigpt KBr and an infrared source
(Ever-Glo). The H-ATR Multiple Bounce (Spectra Tgeatcessory with a ZnSe crystal
and 13 steps was used for analysis. ATR-FTIR measemts were carried out at 128
scans and
8 cmi* resolution.

The surface charge characteristics of the membrama® measured using a
SurPASS streaming potential analyzer (Anton Paabl@m\ustria). The Zeta potential
(C-potential) measurement was carried out at 25 € 218ing 1 mM KCI solution as
background electrolyte at a pH 10.0 £ 0.2 adjustéd a 0.1 M NaOH solution. For
each measurement, two membrane samples with dioTengD x 10 mmwere placed
into the measuring cell. The gap of the flow chareween their surfaces was set at
100 um. Before starting the measurement, the samydee thoroughly rinsed with the
measuring electrolyte. Three measurements wereorpeetl for each membrane to

determine the mean and the standard deviatioredfpotential.

10
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2.6. Filtration experiments

A crossflow experimental device previously desigimedur research group was used
for the filtration tests [37]. Before carrying aile filtration tests, all membranes were
compacted by circulating distilled water for 3 haatransmembrane pressudP) of
3x10 Pa. Distilled water was used first as feed fordnH the pure water permeability
(PWP) of the membranes was determined at a transmemimassure of f0Pa. The
effective filtration area of the membrane was 21+76.01 cni and the feed solution
was circulated at a constant flow rate of 1.6-1//@ih. Subsequently, filtration test was
conducted using a HA solution of 15 mg/L at pH 323°C) as feed for 7 h.¢., HA
test). Then, the filtration system was washed wistillated water without removing the
membrane and distilled water was circulated agairi fh.

During each step, the produced permeate was meaasra function of time by
weighing the permeate in discrete time steps oelectronic balance (AND GF-1200).

The permeate fluxes of the HA solutialu{) and distilled water beforelf,) and after

(Jwy) the HA filtration test were calculated from theasured massnj collected over a

period of time 4t) as:

J (kg/m?h) = (4)

W
whereAg is the effective filtration area of the membrane.

The irreversible fouling factor FRy) was used to evaluate the antifouling
performance of the membranes. This was calculatedeims of pure water flux

reduction [43]:

0

FRy () =227 100 5
w (%) =— (5)
wo

Permeate, retentate and feed samples were extfaatedhe filtration system during
the HA test and a spectrophotometer (UV/VIS 73Emwhy) was used to determine

11
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their HA concentration at 254 nm wavelength. Theslees were used to calculate the

separation factord) of the membranes as follows:

%) =1 2Ly 100 6
a(/o)_( —Cer)- ©)

where C,, C, and C; are the HA concentration of the permeate, retentaid feed
solutions, respectively.

The filtration performance of the membranes wasluawad by means of the
performance indexR(), which takes into account the final values ot HA permeate

flux (Juag) and the HA separation factatd) obtained at the end of the HA test:

Juas @
PI(kg/m?h) = —=L_L

100 @)

3. Results and discussions
3.1. Polyester thin film nanofiber composite membranes gepared with different
polymerization reaction times

The polymerization reaction time strongly affedie physicochemical properties of
the developed thin film layee@., surface morphology, roughness, chemical stractur
and hydrophilicity) as it significantly influencehe degree of polymerization and
therefore, the thickness and the crosslinking derdithe thin film [7, 9, 14, 16, 26-
30]. In this study, the effects of the IP reactiome () on the physicochemical
properties, the antifouling capacity (irreversidieuling factor) and the filtration
performance (water permeability, permeation fluaed separation factor) of polyester
thin film nanofiber composite (PE TFNC) membranesrav investigated. In our
previous work [36], a systematic study of the haadt-treatment applied to PSU ENMs
was conducted to optimize their morphological gtrices and obtain membranes with
improved filtration performance (i.e. up to 38%tbefiltration performance than that of

commercial PES MF membranes). Those heat-treatiahiapd PSU ENMs were used

12
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in this study as supporting membranes to prepageRE TFNC membranes. The
fabrication conditions, morphological propertiesl goure water permeabilityP{\VP) of
the supporting membranes are summarized in TablENM1 was the supporting
membrane used in this section. A thin PE layer fwemed on the membrane surface by
reacting the monomers BPA and TMC with varying tiesctimes as described in the
Materials and Methods section. The surface modifredmbranes were named
according to the IP reaction time: PE TFENC1t5% 5 min), PE TENC1_1(46 = 10

min), PE TFENC1_ 15t = 15 min) and PE TFNC1_20H= 20 min) (see Table 2).

3.1.1. Effects of the polymerization reaction time on the physicochemical
properties of polyester thin film nanofiber composie membranes

SEM images of the surface morphologies of the unfeadsupporting membrane
and the surface modified PE TFNC membranes are rshiowFigure 3A. The
polymerization time clearly affected the surfacerpmmlogy of the resulting PE TFNC
membranes. Before IP, the surface of the ENM1 suppas rough due to its nanofiber
structure. During the first 15 min of polymerizatjothe thickness of the formed PE
layer increased with time and the inter-fiber spatéhe membrane was progressively
covered with the PE film (PE TFNC1_5, PE TFENC1_1€8ding to a less rough
membrane surface until almost the entire surfaceth@fmembrane was covered by a
smooth PE layer (PE TENC1_15). When increasinglRhesaction timever 15 min
(PE TENC1_20), the PE layer became rougher withulaodstructure and without any
visible open inter-fiber space (see also Figure Sther authors [14, 16, 27, 28, 44]
observed the increase of both the roughness ackh#ss of the top layer of thin film
composite (TFC) membranes as a function of therpetization reaction time.

The SEM observed morphological differences betw#enunmodified supporting

membrane and the surface modified PE TFNC membmexy@ained the measured size

13
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of the inter-fiber space of the membranes andistisiblutions (Figure 3B-C). Increasing
the IP reaction time resulted in a left shift othbthe cumulative@FF) and normalized
differential OFF) inter-fiber space distributions of the membrarssng with a
decrease of their mean size of the inter-fiber sp(d?a) (see also data in Table 3). The
d_f value of the surface modified membranes decrebgag to 74.3% with respect to
that of the unmodified membrane. This reduction sigaificantly greater for 20 min of
reaction time, which is likely related to the p@wsly mentioned structural change of
the formed PE thin film (i.e. from thin and smododhthick and rough). Seman et al. [45]
reported a similar left shift of the pore size dizsition curves with a decrease of the
mean pore size up to 45.6% for surface modified BIFE&E and tetramethyl BPA TFC
membranes compared to the unmodified membrane.

Figure 3D displays the FTIR spectra of the unmedifsupporting membrane, the
surface modified PE TFNC membranes, BPA and TMCaddition, Table 4 [5, 6, 9-
13, 16-18, 20, 29, 46-50] provides the correspangeak assignments of the IR bands.
For the FTIR spectrum of the ENM1 support, the Isaatd1322 and 1148 cinshowed
the asymmetric and symmetric stretching vibratiorss0 bonds of the base polymer
PSU. Other characteristic strong IR bands of PSistsate appeared at 1584, 1486 and
1237 cm*, which correspond to the C=C aromatic in-plang Btretching vibration, the
C- H stretching vibration of the methyl group (€HC- CHs), and the € O- C
asymmetric stretching of aryD- aryl group, respectivelyln addition, the two weak
bands at 1387 and 1364 Cnare assigned to the presence of methyl grougseifPSU
matrix.

The PE TFNC membranes exhibited a weak adsorpgak pt about 1612 crrand
large peaks at 1509 and 832 ¢nwhich are likely due to the presence of excesa BP

the membranes (see FTIR spectrum of BPA). The poesef absorption peaks at 1612
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and 1509 cit was attributed to the C=C aromatic stretchingatibns of the ring of
the BPA moiety [51]. Beside the PSU bands of tHessate and BPA, the spectrum of
the PE TFNC membranes exhibited absorption peald¥2® and 1200 cr, which
correspond to C=0 and-O stretching vibrations of the ester groups, respely. The
presence of these peaks verified the successfoation of the PE thin film layer on
top of the ENM1 support for all IP reaction tim@slditionally, a broad adsorption peak
appeared in the range 3150 — 3700 tmith a center at ~3355 ¢mdue to the
stretching vibration of the hydroxyl groups (—-OMhich could arise from the unreacted
hydroxyl groups of BPA in the membranes as wellras the partial hydrolysis of the
acyl chloride unit of TMC.

The FTIR spectrum of the membrane PE TFNC1_20réifférom that of the rest of the
modified membranes. The changes in the peak camespg to the C=0O stretching
vibration of the ester group at 1720 ¢ifi.e. became broader due to a new contribution
centered at 1698 ci, the appearance of a broad contribution in tingea2300—-2700
cm® and a narrow peak at 3110 ¢rmevealed the presence of carboxylic acid group
(see Figure S2-A). In addition, the centre of thead adsorption peak attributed to the
stretching vibration of the —OH groups shifted igher wavenumbers (3396 c Al
this confirmed the change in the chemical struciofrédhe membrane as it will be
explained later on.

The analysis of the areas under the peak at 1728attributed to the —C=0 group (i.e.
CO bonding) and under the peak at 3355’ arnrresponding to the —OH group (i.e. OH
bonding) and their ratio as a function of the IBcten time can be used to explain the
process of monomer crosslinking and film growthtbe membrane surface (Figure 4
A-C). The intensity of the peak attributed to thHeé=© group increased continuously

with the reaction time (Figure 4A), indicating thiadth the film thickness and the
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degree of crosslinking of the membrane layer irsgdawith the reaction time [16, 26-
28]. The intensity of the peak corresponding to-+WH group also increased with IP
reaction time from 5 to 15 min (Figure 4B), butnas slower than that of the —C=0
group, so that their ratio (OH/CO) decreased asiqulon Figure 4C. This behaviour
can be explained based on the corresponding SEMesnaAt the beginning of the IP
process, BPA molecules could freely diffuse throtige organic phase, facilitated by
the loose and open pore structure of the membiarek react with TMC forming the
initial PE film (PE TFNC1_5 in Figure 3A). The nuetbof BPA molecules available
for IP reaction was so large that only part coddct with TMC increasing the amount
of polyester bonds (—C=0) in the PE film with tinvlile the rest remained un-reacted.
The hydroxyl groups of the un-reacted BPA causedl ititrease with time of the
intensity of the peak corresponding to the —OH lsond

The diffusion of BPA towards TMC slowed down withcreasing polymerization
time due mainly to the continuous growth of thel®er that progressively covered the
inter-fiber space at the surface of the membraieTRFC1_10 and PE TFNC1_15 in
Figure 3A) and acted as barrier limiting BPA diffus [14, 16, 52]. Over 15 min
reaction time, the entire surface of the membraas 80 covered by the PE film (PE
TFNC1_20 in Figure 3A) that hindered the diffusmfrBPA, which is confirmed by the
reduction of the intensity of the peaks correspogdo pure BPA (1612, 1509 and 832
cm™?) in the FTIR spectrum of the membrane PE TENC1 AGhis stage of the IP
process, two reactions occurred simultaneouslyMYL reacted with the previously un-
reacted hydroxyl groups of the BPA in the membraksea result, the number of OH
bonds on the surface decreased by 29.8%. ii) Thessxconcentration of TMC in the
solution led to the hydrolysis of TMC with waterftorm carboxylic acids. The presence

of carboxylic acid group in the FTIR spectrum oé tmembrane PE TFENC1_20 was
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confirmed by the broadening of the peak at 1720"¢agether with the appearance of a
larger contributiorin the range 2300-2700 chmand was hypothesized to be due to a
mixture of 1,3,5-benzene tricarboxylic acid and-he®zene dicarboxylic acid (see
Figure S2-A). Both reactions led to a 71.8% inceeasthe CO bonding value (Figure
4A). Consequently, the membrane PE TFNC1 20 exdubimuch lower OH/CO

bonding ratio than the other membranes preparddshibrter IP reaction times.

3.1.2. Effects of the polymerization reaction time on thefiltration performance
and antifouling capacity of polyester thin film narofiber composite
membranes

Figure 5 A-B shows the HA permeate flyy/{) and the HA separation factam)(of
the unmodified supporting membrane (ENM1) and tBeTEFNC membranes prepared
with different polymerization times as a functiohthe filtration time. Compared to

ENML1, J;4 was decreased with the increase of the IP reattiwa This reduction was

quantified with the change of the mean HA permdhbe (i.e. averagg,, over the

whole filtration testJya) (See Table 3). The value &f, decreased almost linearly with
the increase of the reaction time from 5 to 15 (hen 1.5 to 6 times lower) but changed
sharply for 20 min (i.e. up to 36 times lower). Fhiend in flux reduction agrees well
with the reduction of the mean size of the intbefispace@) of the membranes and

the changes observed in their surface due to lilnefdrmation process (see Figure 3 A-

C). A substantial reduction of the permeate fluxTéfC membranes after a critical

reaction time of the polymerization process wasviptesly reported by other authors

[14, 16, 27, 30]. This behaviour was generally teglato a significant increase of the

degree of crosslinking, which increased the thiskna the formed thin film, increasing

the permeability resistance of the membrane.
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The observed changes of the HA separation factpof(the PE TFNC membranes
with the increase of the polymerization reactionetifollowed a different trend than that
reported for the permeate flux (see Figure 5B)nF&to 15 min IP reaction time, no
significant enhancement of the separation factos wetected. Thervalues of the
membranes PE TFNC1_5, PE TFNC1_10 and PE TFNC1 et& very similar to that
of the ENM 1 support and the mean value of the ldpasation factor& in Table 3)
was increased by only 8.4, 7.7 and 8.1%, respédgtivbese membranes were not fully
covered by the PE thin film. However, a noticeadmidancement (57.6%) was observed
for thea value of the membrane PE TFNC1_ 20 compared to ENiLto the fact that
the membrane PE TFNC1_20 was entirely covered thighPE layer, which strongly
decreased itsd_f value. This phenomenon was also reported prewiobsl other
researchers who developed TFC membranes usingetffenonomers and supports [6,
9, 27]. For instance, a significant increase jaaton of MgSQ (from 21.2 to 83.9%)
was also observed by Zhang et al. [6] when a shalgidrease in the water permeability
(from 15.1 to 6.0 L/rfh.bar) of polyesteramide (PEA) TFC membranes oecust
prolonged IP reaction time.

It is worth noting that the filtration performantelex PI) of the membranes (Table
3) decreased with increasing the IP reaction tiollewing the same trend as the final

HA permeate qux](HAf) (Table 3). This highlights the predominant effef:tthe]HAf

on thePI of the membrane over its final separation factgy.(For instance, despite the
considerable enhancement of of the membrane PE TFNC1 20, B decreased
73.6% with respect to the membrane PE TFNC1_15nwhialy to the strong reduction
of its permeate flux.

The antifouling properties of the membranes weraluated by determining their

irreversible fouling factorKRy) after the HA filtration tests as described earliehe
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results are summarized in Table 3 and plotted gurfé 5C. All surface modified PE
TFNC membranes exhibited lower fouling tendencynttizat of the ENM1 support.
Compared to this membrané&Ry = 96.8%), theFRy value of the PE TFNC
membranes decreased with the IP reaction time t@%d0for the membrane PE

TENC1_15 (i.e. ~90% of the initial water permealiexf(J,,,) was recovered after

cleaning the membrane with pure water). An increzfsthe FRy value was detected
when further increasing the IP reaction time tan#f (22.9%), but it remained smaller
than that of the membranes PE TFNC1_ 5 (93.3%) aBdTPNC1_10 (52.6%).
Photographs of the ENM1 support and the PE TFNC lmanes after performing the
HA filtration tests (Figure 5D) are consistent wiifie mentioned=Ry results. The
membrane with the best antifouling performance TFHRC1_15) showed the lowest
HA deposition on its surface.

The trend of the fouling tendency with IP reactiome can be explained by the
changes in the morphological structure of the PETFnembranes (Table 3). It is well
known that membrane surface roughness, hydrogdkilend charge density are the
three major factors affecting fouling phenomena6]3-Foulants preferentially
accumulate and adhere to a hydrophobic and roughbmame surface while those
deposited on a hydrophilic and smooth surface asyeremoved [5]. The PE layer
formed during the first 15 min of the IP processdméhe surface of the membrane less
rough (Figure 3A), which therefore reduced its fogltendency (i.eFRy value was
reduced from 96.8 to 10.2%). With a further inceeabthe IP reaction time to 20 min,
the membrane surface became rougher than thahebtéor 15 min and thERy value
was increasedFRw, 20 min = 22.9%, see Table 3). Seman et al. [45] alsodaamlear
correlation between the roughness of BPA PE TFC Ionanes and the obtain&dRy

values.
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Additionally, the unreacted residual hydroxyl greup-OH) on the membrane
surface can effectively enhance the membrane hipdrcpy and therefore its
antifouling capacity against hydrophobic foular®s %, 6]. The increasing number of
the OH groups on the membrane surface with thease of the IP reaction time from 5
to 15 min (Figure 4B) agrees well with the reductaf theFR,, of the corresponding
PE TFNC membranes. For 20 min reaction time, thenbmane PE TFNC1 20
exhibited a reduced OH bonding, which together wtghrougher surface decreased its
fouling resistance compared to the membrane PE TFNE

The electrostatic interaction between the membramiace and solutes in the feed
solution also affects particles deposition andifautendency [6, 29]. At pH 11, both
HA particles and PSU ENMs are negatively chargef].[Bccording to the values of
the (-potential shown in Table 3, all PE TENC membraegiibited higher negative
surface charge (i.e. lowépotential values) than that of the ENM1 suppohergfore,
the electrostatic repulsion between the HA padickend the membrane surface
increased, resulting in a lower HA fouling tendendye increase of the negative
surface charge was caused by the presence of thkar@ —COOH groups on the
membrane surface, or which is the same by the plid@@and carboxylate ions (—0O-
COOQO) at a basic pH [5, 18]. The membrane PE TFNC1 ddbthe lowest-potential
value
(-72.5 mV) and the lowe$tRy value (10.2%) as well indicating its greatestfanting
performance.

(Insert references Table 5: [3-8, 10, 29, 32-34, 388, 54)

Taking into account the results of both the filwmatand the antifouling performance

of all PE TFNC membranes, the membrane PE TFNC1vd$ selected as the best

membrane and therefore, 15 min was consideredeaggtimum IP reaction time to
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prepare these PE TFNC membranes. Compared to meherted PE TFC membranes
[7, 8, 29, 32, 50, 53] (see Table 5), the optimiREl TFNC1_15 exhibited very good
filtration performance, with an extremely high wapermeability (213.0 L/fh.bar at
23°C, up to 2 orders of magnitude higher) and apmiitive final HA separation
(72.5%). For instance, the PE TFC membrane develtyeCheng et al. [32] with a
similar optimum IP reaction time (20 min) and a gamable negative surface charge (
potential = -57.4 mV) to that of the membrane PENTE_15, exhibited a much lower
water permeability (1.34 L/fh.bar at 25°C) and only a Mg$@ejection of 67.9%. In
terms of antifouling performance, the optimized rbemme PE TFNC1 15 in the
present study exhibitedRy value as low as 10.2%, comparable to that of tadPC
membrane prepared by Seman et al. FR\ = 5%) used also for the treatment of 15

mg/L HA solutions under basic conditions.

3.2. Polyester thin film composite membranes prepared wh different supports

The effects of the supporting membrane on the foonaof the PE thin film layer
and on the physicochemical and filtration properted PE TFC membranes were
investigated.
A second heat-treated optimized PSU ENM (ENM2) and@¢ommercial PES MF
membrane (PES) were used as supports to prepafd-€Enembranes following the
same IP procedure to get the best PE TFNC membnatiee previous section (PE
TFNC1_15: 2% w/v BPA reacts with 0.25% w/v TMC fbs min IP reaction time).
The morphological properties afdVP values of all different supporting membranes
are summarized in Table 1. Although the morpholaigacoperties of the three selected
supports (ENM1, ENM2, PES) are different, theitréition performance under the same

conditions are high as reported in our previoud\ys{36].
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3.2.1. Effect of the supporting membrane on the physicochmical properties of
polyester thin film composite membranes

The physicochemical properties of the supportingnimanes and the corresponding
PE TFC membranes are displayed in Figure 6. Therebd differences between the
surface morphology of the PE TFC membranes (Figh#g¢ suggested that the
supporting membrane affected the formation of tEefiln layer. While the membrane
PE TFENC1_15 exhibited a smooth surface, the merelsr&fE TFNC2_15 and PE
TFC_15 had rougher surfaces with nodular structimélar to that of the membrane PE
TFNC1_20 (Figure 3A). Compared to their supportslear reduction of the mean pore
size a_f) of all surface modified membranes was observwﬁ values decreased by
30.0, 51.6 and 19.3% for the membranes PE TFNC1PE,TFNC2 15 and PE
TFC_15, respectively (see Figure 6 B-C and datzaivie 3).

It worth quoting that during IP, the hydrophiliciand the pore size of a supporting
membrane are key parameters affecting film forrmatia0, 21, 23, 24, 35]. For
instance, Singh et al. [20] studied the structwaliations of PA TFC membranes
prepared over PSU porous membranes with differerg pizes. It was reported that a
two-fold thicker PA thin film layer was formed ohe& supporting membrane with a
smaller pore size. Kaur et al. [35], who studieel ithfluence of the nanofiber diameter
(1,,) of ENMs supports on the formation of the PA tfilm layer, claimed that the
ENMs with largeri,, resulted in a thinner PA layer with a smoothencitire, whereas
when the value af,, was smaller, the packing density of the nanofilweas higher and
the inter-fiber space was lower, favouring a roudgh& layer with a more cross-linked
and packed structure. Ghosh and Hoek [21] invastigéhe influence of the physical
and chemical properties of different porous PSUpsug on the PA thin film layer

characteristics. More hydrophobic supports resuited thicker and rougher PA thin

22



532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

film layer. The above mentioned results agree wath the different morphological
structures of the membranes PE TFNC1_15 and PE PFN& (Figure 6A). The
ENM2 support had a smaller inter-fiber space andbfiaer diameters, and a higher
water contact angle (i.e. more hydrophobic) thartMENTable 1). Therefore, a thicker
and rougher PE layer was expected for the memP&&FNC2_15 compared to the
membrane PE TENC1_15. After IP, the reduction ef@hvalue of the membrane PE
TFNC2_15 was almost 2 times higher than that ofrtteenbrane PE TFNC1_15. In
addition, the membrane PE TFC_15 had a rougheasrthan the membrane PE
TFNC1_15, which was also consistent with the restdported in previous studies as
the PES support had 5.6 times smaT)ewaIue than ENM1 [21].

FTIR spectra of the unmodified supporting membrangsther with their respective
surface modified membranes are displayed in FigiDe An excess of BPA was
detected in all surface modified membranes, ag th€IR spectra showed a weak
adsorption peak at about 1612 ¢mnd a larger contribution of the peaks at 1509 and
832 cmi' compared to the FTIR spectra of their supportsnipattributed to the C=C
aromatic stretching vibration of the ring of theBmoiety. However, the BPA excess
in the membranes PE TENC2_15 and PE TFC_15 wag linae that of the membrane
PE TFNC1_15, as the respective intensities of dake were lower than those observed
in the FTIR spectrum of the membrane PE TFNC1_Iéw Mbsorption peaks of the
ester group bands at 1720 and 1200 'cmere observed for all surface modified
membranes confirming the successful formation efRIE thin film layer regardless of
the supporting membrane used. The peak assign#e t€=0 stretching vibration of
the ester group at 1720 chof the membranes PE TFNC2_15 and PE TFC_15 was
much wider than that of the membrane PE TFNC1 1&jnim due to a new

contribution centered at 1698 thwhich revealed the presence of carboxylic acid
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groups (—COOH). These —COOH groups for the membrd&te TFNC2_15 and PE
TFC_15 were responsible for the shift of the cermterthe broad absorption peak
between 3150-3700 cih(stretching vibration of the hydroxyl groups (—Obi) the
membranes) to higher wavenumbers (~3393*tiompared to that of the membrane
PE TFNC1_15 (~3355 cHj (Figure S2-B). In addition, similar to the FTIRestrum

of the membrane PE TFNC1_20, a broad contributitwéen 2300 and 2700 chand

a narrow peak at 3110 chalso emerged in the FTIR spectra of the membrafes P
TFNC2_15 and PE TFC_15 due to the presence of —C@®Hps (Figure S2 A-B).
The chemical structural differences in the FTIR cér@e of the membranes PE
TFNC2_15 and PE TFC_15 compared to that of the mamebPE TFNC1_15 agreed
with the morphological structural differences obegerin the SEM surface images of
their formed PE thin film layers (Figure 6A). Aswilas explained in section 3.1.1, the
surface modified membrane having carboxylic aciougs (PE TFNC1_20) reached a
higher degree of crosslinking during IP, resultinga denser, thicker and rougher PE
film layer. Based on the similarities between theface morphology and the FTIR
spectra of the membranes PE TFNC2_15 and PE TFEidére 6A and 6D) and that
of the membrane PE TFNC1_20 (Figure 3A and 3DJ}oitld be deduced that the
smaller pore size of the ENM2 and PES supportsuisada faster IP reaction compared
to ENM1 and resulted in the formation of a thickdarough PE layer with high

crosslinking degree in only 15 min IP reaction time

3.2.2. Effect of the supporting membrane on the filtration performance of
polyester thin film composite membranes

All surface modified membranes exhibited lovigy and greaterr values than those of

their respective supports (Figure 7 A-B). The reduc of the permeate flux was

expected because of the reduction of the meanqmme(d_f) of the PE TFC membranes
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and the subsequent increase of the permeate resstime to the formation of the PE
layer. The greatest reduction df,, was observed for the membrane PE TFNC2_15
(97%), which also experienced the greatest redmccrfdtsd_f compared to its support.
In general, it is expected a decline f, with the filtration time due mainly to fouling
phenomena. Howevek, , of the membrane PE TFC_15 increased with timewéter
permeate flux after conducting HA filtration tesasv3.2 times higher than its initial
water permeate flux. This unexpected behavior neague to the partial detachment of
the PE layer from the PES support during HA filbattest, decreasing the permeate
resistance of the membrane. Bui et al. [49] alamdbadhesion problems of the PA
layer to the PES support when developing PA TENGnbranes on PSU ENMs and
PES ENMs. Compared to PSU ENM support, a weakeesadh of the PA layer to the
PES ENM support was observed so that delaminathdnia some cases, detachment of
the PA layer from the PES support occurred. It wgsothesized that the BPA moiety
difference between the chemical composition of R8d PES together with the higher
water contact angle of the PSU support contribtaettie good adhesion of the PA layer
to PSU. In the present study, the PES support @égHilup to 4.7 times lower water
contact angle value than the PSU ENM1 and ENM2 sdgpwhich basically may
reduce the adhesion capability of PE layer to PHE®part. Moreover, taking into
consideration that ENM1 and ENM2 are electrospumofiarous PSU supports with
inter-fiber spaces bigger than the pore size of RS phase inversion membrane
support, the BPA in the aqueous phase may penetiaddy through part of the
nanofiber network favoring the formation and growththe PE layer from the inter-
fiber space and resulting in a better adhesion.

The enhancement otr for all surface modified membranes compared toir the

corresponding supports (Figure 7B) was mainly egldb the formation of the PE layer
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and reduction of theid;. In addition, the surface modified membranes leisénd lower
(-potential values (i.e. higher negative surfacerghasee Table 3) than their supports,
which resulted in an enhancement of the electiostepulsion forces between the HA
particles and the membrane surface favouring theséffaration as consequence.

All surface modified membranes exhibited betteifanling capacity (i.e. loweFRy
values, Table 3) than their respective supporte. fdgativd-R,, value determined for
the membrane PE TFC_15 resulted from the increhieeovater permeate flux from
its initial value after the HA filtration test. ThERy value of the membrane PE
TFNC2_15 (20.1%) was larger than that of the memdRE TFNC1_15 (10.2%). Both
membranes exhibited quite simil&potential values (Table 3), but the membrane PE
TFNC2_15 had a rougher PE layer, which contributeds higher fouling tendency
(higherFRy value).

The photographs shown in Figure 7D of the unmadifend surface modified
membranes after HA filtration tests are consisteith the mentioned results of the
FRw. The surface of the membrane PE TFNC1_15 withawest HA deposition is the
membrane with the best antifouling performance (ogvestFRy value). It is to be
noted that although th&Ry value calculated for the membrane PE TFC_15 was
negative, HA was deposited on its entire surfackcating that this membrane also
experienced fouling.

The filtration performance of the different memleamsed as supports as well as the
surface modified membranes were evaluated using Bhevalues (see Figure 7C and
Table 3). The membrane PE TFNC2_15 exhibited the$oP! value (26.6 kg/rhh),
whereas membranes PE TFNC1_ 15 and PE TFC_15 adhsawdar Pl values (70.4
and 68.7 kg/mh, respectively). Although the membranes PE TFNGlahd PE

TFC_15 exhibited similarPl values, their physicochemical and morphological
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properties together with other filtration paramstevere different. For instance, the
initial water permeate fluy/,,,) of the membrane PE TFNC1_15 (213 kgihwas 8
times higher than that of the membrane PE TFC_&%¢2nf h). The HA filtration test
showed that thé,, value of the membrane PE TFNC1_15 (151 Kdfjnwas 3 times
higher than that of the membrane PE TFC_15 (51 ka)nbut its HA separation factor
(o = 72.5%) was worse than that of the membrane PE_Tb @ = 86.9%). In
addition, from the photographs of the membranesrtater HA filtration tests (Figure
7D), less HA deposition was observed on the suréddae membrane PE TFNC1_15
compared to that of the membrane PE TFC_15. Takitmgaccount both the filtration
performance and antifouling capacity of these mamés and considering the lack of
stability of the PE thin layer of the membrane FECT 15 (i.e. detachment due to poor
adhesion of PE to its support), the membrane PECTIIFN5 was chosen as the best PE

TFC membrane developed in this study.

3.3. Polyesterversus polyamide thin film composite membranes

It is worth quoting that most TFC membranes havenbprepared with IP that
involved amine monomers in the agueous phase ta #@rPA thin film layer on a
supporting membrane. Compared to PA TFC membrarery, few research studies
have been focused on PE TFC membranes. This mdyeto the greater salt rejection
of the PA TFC membranes compared to that of PE ie@branes attributed to their
denser structure with a high crosslinking degraboalgh the PE TFC membranes
exhibited better antifouling capacity against hyarobic contaminants because of the
presence of abundant hydroxyl groups on their sarfa, 6]. In this section, PA TFC
membranes were prepared and their filtration artifloaing properties were compared
to those of the previously prepared PE TFC memisréimet exhibited a high filtration

performance (PE TFNC1_15 and PE TFC_15 in Table 3).
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Different combinations of monomers and conditions tke IP process were
considered to form the PA thin film layer. Detaiisthe followed procedure to select
the final IP approach can be found in the Sl (dgarEs S3-S9 and Tables S1-S4). The
selected IP consists of 1% w/w PIP that reacteti 886 w/v TMC in presence of 1%
w/w TEA (acid acceptor) during 5 min IP reactioméi. The schematic mechanism of
this IP reaction is shown in Figure 2B. Both ENM&d the MF commercial PES
membrane were used as supports to form the mentbRRGFNC1_5 and PA TFC_5,

respectively.

3.3.1. Physicochemical properties of polyamide thin film omposite membranes

The structure of the PA TFC membranes (PA TENChdbRA TFC_5) was studied
by means of SEM (Figure 8A). The surface morpholofjthese membranes were
different from the corresponding PE TFC membra&s TFNC1_15 and PE TFC_15).
The PA thin film layer of the membrane PA TENC1_&swormed in the inter-fiber
space wrapping the PSU nanofibers and preserviegntmofiber structure of the
support and its roughness (see also Figure S1@)mMar surface morphology of PA
TFNC membranes was observed by other authors [B5,T4he membrane PA TFC 5
showed a rough PA layer that covered completelystiréace of the PES support. The
granular structure formed throughout the PA layeboth membranes is typically
attributed to the crosslinking of the used monont® and TMC [16, 18, 55]. From
the SEM images, the thin film layer of the membr&#e TFC_5 seemed to be denser
than that of the membrane PA TFNC1_5. The poromaegsurements confirmed the
reduction of thezl_f value of the membranes PA TFNC1 5 and PA TFC_B vespect
to their supports due to the addition of the PAeta§rigure 8 B-C and Table 3).

The differences in the chemical structure of theTHFA membranes were studied by

FTIR spectra shown in Figure 8D. Table 4 summarizesassignments of IR bands for

28



682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

the ENM1 and PES supports as well as for the PA iriethbranes. Beside the typical
IR bands of the PSU and PES substrates, the spetttlae PA TFC membranes
exhibited absorption peaks at about 1442 and 1618. The peak at 1442 cihwas
assigned to the €@ stretching and the ®1 bending vibration of the carboxylic acid
group as well as to the bending vibration of thehylene group-(CH,-). Whereas the
peak at 1616 cmwas attributed to the C=0 and the I stretching vibrations of the
amide bond formation (-CONH) (amide | band). Fumti@re, the broad adsorption
peak between 3150-3700 ¢nrentred at about 3426 chfor the membrane PA
TFNC1_5 and at 3393 cthfor the membrane PA TFC_5 was mainly attributeth®
O-H stretching vibration of the carboxylic acid gpoCOOH) formed by the partial
hydrolysis of the acyl chloride unit of TMC. It wasported that some contribution to
the latter peak could also correspond to thédNstretching vibration of residual amine
bonds [6, 13, 48]. The membrane PA TFC_5 also ajsul a peak at 1283 chwhich
could be assigned to the-N in-plane bending coupled with the- 8 stretching or to
the G H and N H deformation vibration of amide Il band. The ni@mene PA
TFNC1_5 exhibited a peak at about 1697 trattributed to the C=O stretching
vibration of the carboxylic acid group. The preseraf all the above cited peaks
verified the successful formation of the PA thigdaon the surface of both supports,
ENM1 and PES. The intensity of the peak at abod61&n* (previously ascribed to
the amide bond formation) was higher for the memdrBA TFC_5 compared to the
membrane PA TFNCL1_5, indicating a thicker, densel more cross-linked PA thin
layer of the membrane PA TFC_5. This result was atmfirmed by the characteristic
IR bands of the PES support that were much momnudted (some peaks even
disappeared) in the FTIR spectrum of the membraad@PC_5 than those of the PSU

support in the FTIR spectrum of the membrane PATEN5. These results agree well
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with those reported by Singh et al. [20], who cledhthe formation of a thicker PA thin

film layer over a supporting membrane with smatlere sizes.

3.3.2. Comparison of the filtration performance of polyeser and polyamide thin
film composite membranes

The filtration performance of the PA TFC membra(ied TFNC1 5, PA TFC_5)
was evaluated and compared with that of the prelyoprepared PE TFC membranes
(PE TENC1_15, PE TFC_15) and the corresponding atipg membranes (ENM1,
PES).

The change of the HA permeate flyyx{) and the HA separation factam)(with the
filtration time were plotted in Figure 9 A-B. Theembrane PA TFNC1_5 exhibited
lower J,, than that of the ENM1 support. The value Jof decreased by 68.9%
compared to that of the ENM1 (from 929.5 to 289gIn¥ h). This reduction of the
permeate flux was mainly attributed to the reductod thed_f value of the modified
membrane. However, unlike the other surface matlifieC membranes developed in
this study, thex value of the membrane PA TFENC1_5 decreased (I%)6i8 relation
to ENM1 instead of increasing. Not only the poreesof the membrane (i.e. stereo-
hindrance or sieving effect) affects its separatapacity, but also the electrostatic
interaction between the HA molecules and the men#rsurface (i.e. electrostatic
repulsion effect). After IP modification, the merabe PA TFENC1_5 exhibited a higher
{-potential value (-49.2 mV) compared to ENM1 (-59%). The lower negative
surface charge of the membrane PA TFNC1_ 5 resuitedh reduction of the
electrostatic repulsion between the HA moleculed e membrane surface. In this
case, both the electrostatic repulsion and sizéusxn reduced the HA separation

factor of the membrane PA TFNC1_5.
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Despite its lower negative surface charge (i.e.ighdr -potential value), the
membrane PA TFNC1_5 showed a better antifoulindfopmance FRy= 46.4%) than
that of the ENM1ERy = 96.8%). As stated previously, the antifoulinggperties of the
membranes depend mainly on the roughness, chargitydand hydrophilicity of the
membrane surface. After IP modification, the swefat the membrane PA TFNC1_5
contained carboxylic acid group and amine end g@puwhich improved its
hydrophilicity compared to ENM1 [5, 16, 55]. Thisud be the reason of the improved
antifouling properties of the membrane PA TFNC1The photographs of the
membranes PA TENC1_5 and ENM1 after HA filtrati@sts shown in Figure 9D are
consistent with the better antifouling performarafethe membrane PA TFENC1_5
because less HA was deposited on its surface.

A significant decrease ofy, was observed for the membrane PA TFC_5 compared
to the PES support, leading to a reduction adjisvalue by 97.9%. In addition, surface
modification improved the separation capacity & thembrane PA TFC_5 in relation
to PES by 24.3% fromt = 56.4% tox = 70.1%. The strong decrease of the permeate
flux together with the increase of the separatextidr of the membrane PA TFC_5 was
attributed mainly to the reduction of t@ of the membrane due to the highly cross-
linked PA layer formed on its surface. The membi@AeTFC_5 displayed also a lower
negative surface chargé-potential = -34.8 mV) than PE&-potential = -46.4 mV),
but the combining effect of the electrostatic repn and the size exclusion together
with the high density of the PA layer improved th& separation of the membrane PA
TFC_5. The antifouling performance of the membrB#e TFC 5 was also improved
compared to that of its support as it can be se@n Figure 9D where much less HA
was deposited on its surface after filtration. Téguction of the fouling tendency of the

membrane PA TFC_5 was likely due to the enhancemieits surface hydrophilicity
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after IP modification. An increase fjf, with the filtration time was also observed for
the membrane PA TFC_5 and its final water permgéaxeafter HA filtration test was
larger than its initial water flux. As a result,ettmembrane PA TFC_5 exhibited a
negativeFRy value (see Table 3). Similar to the membrane PE T (section 3.2.2),
this phenomenon could be explained by the pargghahment of the PA thin layer
during the HA filtration test, which reduced themeate resistance of the membrane.

A 74-fold higherPWP value was achieved by the membrane PA TFNC1_5324
L/m?h.bar) compared to the membrane PA TFC_5 (i.e L&vfh.bar) (Table 3). The
higher permeate flux of the membrane PA TFNC1 5 Jikely due to the
interconnected nanofibrous structure of the ENMdpsuit having a higher porosity than
the PES support and to the formation of water céntinrough the interface between
the nanofibers and the PA thin layer of the memdiRA TFNC1_5 [33].

From the HA tests, the reduction Jf, for the membrane PA TFC_5 compared to
its support (97.9%) was higher than that of the frame PA TFNC1_5 (68.9%). This
is consistent with the previously mentioned cheiméeal structural differences of these
membranes. The thicker, denser and more crossdiRiethin layer of the membrane
PA TFC_5 caused a higher reduction of the perm#tates and an improved HA
separation performance. Moreover, the increasehef{potential of this membrane
from that of its support (25.0%) was also gredtantthat of the PA TFNC1_5 (17.2%).
This justified the more cross-linked PA thin fileyer of the membrane PA TFC 5. Itis
well known that the negative surface charge of type of poly(piperazine-amide) TFC
membranes is mainly attributed to the deprotonadiocarboxyl groups (-COOH»> —
COOQ) dissociated from the unreacted acid chloride3M{C [10, 18]. Therefore, the
greater crosslinking degree of the PA layer of iieembrane PA TFC_5 indicated the

lower amount of carboxyl groups available to berdemated and the subsequent lower
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negative surface charge of the membrane PA TFCntpared to that of the membrane
PA TENC1_5 [18].

The data summarized in Table 5 for different regab®E and PA TFC membranes
showed the good filtration performance of the pregaPA TFC membranes in this
study. For instance, the permeability of the memérRA TFNC1 5 was up to two
orders of magnitude higher than that of lab-madeTPFAIC membranes prepared with
similar IP conditions [33, 34], whereas its separatactor was 21 to 30% lower. The
membrane PA TFC_5 exhibited a very similar sepamatactor (only 1.5% highes
value) than that of the lab-made PA TFC membrants o 32% higher permeability
[4, 5].

Regardless of the type of polymer of the thin flager (i.e. PE or PA), all surface
modified membranes exhibited lower fouling tendeficy. FRy values from 10.2 to
93.3%, see Table 3) than their supports ERy values from 96.8 to 98.5%) than their
supports.

All surface modified membranes prepared on ENM1psup(PE TFNC1 15, PA
TENC1_5) exhibited greatdtl values (70.4 and 87.4 kgfim, respectively) than those
prepared on PES support (68.7 kginfor PE TFC_15 and 5.8 kgfin for PA TFC_5)
(see Figure 9C and Table 3). The impro®edalues of the TFNC membranes resulted
mainly from their much larger permeability, whicls idirectly related to the
interconnected open pore structure and the higbsigrof the nanofiber support.

In order to select the best membrane between PECIFMAS and PA TFNC1 5,
both the filtration and antifouling performance slibbe considered. Thel of the
membrane PE TFNC1_15 (70.4 kd/m) was 20% lower than that of the membrane PA

TENC1_5 (87.4 kg/fhh). This was caused mainly by its Iovygplf value, 97.1 kg/fh,

compared to 126.7 kgfh of the membrane PA TFNC1_5 although its HA sejmara
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factor was higher (72.5%) than that of the membr&#e TFNC1 5 (69.0%). In
addition, the membrane PE TFNC1_15 had betteraartiiiig performance, exhibiting a
4.5 times lowelFRy value (10.2%) than that of the membrane PA TFNC#654%).
Due to its enhanced antifouling properties, theewatermeability of the membrane PE
TFENC1_15 after HA filtration test was larger (i291.3 kg/mih bar) than that of the
membrane PA TFNC1_5 (i.e. 173.7 kg/mbar). The lower fouling tendency of the
membrane PE TFNC1_15 guarantees it a longer lieetind reduces maintenance costs.
Taking into account all the above mentioned poitite,membrane PE TFNC1_15 was
chosen as the best TFC membrane developed inttldyg. sSThis membrane exhibited
comparable antifouling performance to previouslgorted PE TFC membranes with
two orders of magnitude greater water permealjii] and 6-33% better separation
factor [32, 50]. Compared to other PA TFC membraitesxhibited 34—-83% greater
antifouling performance [5, 10] and 10-71 timeshleigwater permeability [5, 34] with

only 17-27% lower separation efficiency [33, 34&kle 5).

4. Conclusions

The effects of the polymerization reaction timetloa physicochemical, filtration and
antifouling characteristics of the PE TEFNC membsanere studied. The optimum IP
reaction time was found to be 15 min. The so pegbanembrane PE TFNC1 15 had a
smooth surface and exhibited a water permeabitithigh as 213.0 L/fh.bar with a
72.5% HA separation factor. The enhanced antifgufisrformance of this membrane
against HA foulant permitted 90% recovery of itgiah water flux after HA filtration.

The surface of the PE layer formed on the ENM2 euppy membrane with a
smaller mean size of the inter-fiber space andyadrihydrophobicity was rougher and
denser than that prepared on ENM1. The PE laygyapee on the commercial PES

supporting membrane had a very similar surface haqgy to that formed on ENM2.
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The PE TFC membranes formed on ENM2 and PES sugpfieet PE TFNC2_15 and
PE TFC_15, respectively) exhibited lower filtratiperformance indexes and worse
antifouling properties than that of the PE TFC meanbk prepared on ENM1 (i.e. PE
TENC1_15).

The PA layer formed on PES support was denser ajitehcross-linked than that
prepared on ENM1. Regardless of the type of polyafighe thin layer, PE or PA, all
surface modified TFC membranes prepared on ENMbaugPE TFNC1_15, PA
TFNC1_5) exhibited greater filtration performancedexes than that of the TFC
membranes prepared on PES support (PE TFC_15, RA 9)F The membrane PE
TFNC1_15, prepared with 15 min IP reaction timeB&A and TMC on ENM1, was
chosen as the best TFC membrane developed in tinly &s it exhibited the best

antifouling capacity with a high filtration perfoance.
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Table 1. Morphological and filtration properties of the unmodified supporting membranes: heat post-
treatment temperaturel)( heat post-treatment time),( thickness §), weighted arithmetic mean of the
nanofiber diametersif,) and its corresponding weighted standard devig@g), water contact anglegy),
void volume fraction §, mean pore sizeﬂ) and pure water permeabiliti?\(VP).

Heat Morphological properties Filtration

treatment P 9 prop properties
Membrane —

T t Aw TSy — PWP
° 0 drs (nm

coy miny  CHMW b () £ (%) g (M) (LMH/bar)
ENM1 230 75 135+19 0.76+0.03 1195+1.8 80.6+1.8 3220%20 20248+ 2151
ENM2 220 120 129+20 0.73£0.07 1250+2.6 79.3+25 3084+30 19914 + 1801
PES - - 137 £ 14 - 26.8+34 77.0+7.0 573+3 15217+ 1667

*Averaged data from Millipore supplier.

Table 2. Interfacial polymerization conditions usedo prepare thepolyester and polyamide thin
film composite membranes.

Membrane Support :;;(e:l Aqueuos phase Organic phase
Material>  wiw (%) t,,° (min)  Material® w/v (%) t5° (min)

PE TENC1_5 ENM1 PE BPA 2 60 T™MC 0.25 5
PE TENC1_10 ENM1 PE BPA 2 60 T™MC 0.25 10
PE TENC1_15 ENM1 PE BPA 2 60 T™MC 0.25 15
PE TENC1_20 ENM1 PE BPA 2 60 T™MC 0.25 20
PE TENC2_15 ENM2 PE BPA 2 60 T™MC 0.25 15
PE TFC_15 PES PE BPA 2 60 T™MC 0.25 15
PATENC1_5 ENM1 PA PIP—TEA 1—1 60 T™MC 0.25 5
PATFC_5 PES PA PIP—TEA 1—1 60 T™MC 0.25 5

'PE: polyester; PA: polyamide.
’BPA: bisphenol A; PIP: piperazine; TEA: triethylarai TMC: trimesoyl! chloride.
3tap; aqueous phase tintg: polymerization reaction time.




Table 3. Physicochemical properties and filtrationperformance of the unmodified supporting membranesand the polyester and
polyamide thin film composite membranes:mean pore sizeEQ, zeta potential{fpotential), initial water permeate fluy‘%), mean

humic acid (HA) permeate flux,), final HA permeate qux](,Af), mean HA separation factog), final HA separation factoraf),
irreversible fouling factorKRr,,) and performance inde®J).

Membrane

Physicochemical properties

Filtration performance

Jna

- J
d_f (nm) C'p(z::\r;)tld (1(;2]VV|(<)_§) (102 kg ) ( :_gAf ) a (%) a; (%) FRy, (%) (E_é)
mZh m2h m2h m2h

ENM1 3220+£20 -59.4+0.4 203 £ 22 9.3+1.0 188+20 39.1+1.0 70.9+0.496.8+1.4  133+14
ENM2 3084 +30 -63.2+0.6 194 +19 13.7+1.3 222+18 29.3+09 57.2+0.6085+12 127+10
PES 573+6  -46.4+0.1 152 + 17 2.69 +0.30 117 +13 56414 84.0+1.2083+1.3 98 +11
PETFNC1 5 2868+16 -59.9+1.6 160 + 17 6.94+0.74 178+19 424+15 69.0+1.5933+1.3 123+13
PE TFNC1_10 2496+88 -63.8+0.8 35+0.3 3.06 £0.17 117+4  421+14 703+1.2526+48 82.4+3.4
PE TFNC1 15 2255+63 -72.5+0.4 21+0.2 151+0.06 97.1+37 423+15 72B%* 10.2+3.8 70.4+29
PETFNC1 20 827+9 -70.2+1.0 1.06 = 0.04 0.26+0.01 20.3+0.8 61615 B2 229+45 186+0.7
PETFNC2_15 1492+30 -73.0+1.0 0.99 + 0.06 050+0.02 425+16 330+16 @53 201+50 266+1.1
PE TFC_15 462 +4  -48.1+1.2 0.26 +0.01 052+0.02 79.1+3.0 685+13 891 -220+30 68.7+2.8
PATFNC1 5 2844+79 -49.2+0.1 3.2+0.2 2.89+0.18 127+6  36.4+15 69.0+1.3464+41 87.4+4.7
PATFC_5 521+3  -34.8+0.2 0.044+0.002 0.057+£0.002 6.4+0.2 70.1+4.7.0991.1 -33.0+80 58=+0.2

"Values at pH=10; The negative values of tléR, are due to the partial detachment of the thin Fdyer from the supporting membrane.



Table 4. Peak assignments of the IR spectra of the unmodifiesupporting membranes and the
polyester and polyamide thin film composite membraas.

Peak assignments Wavenumbers (c  Polymers REF.

In-phase out-of-plane hydrogen deformation of par&32, 853835, 858 PSU,PES [20, 48]
substituted phenyl groups/Aliphatic-B rocking
Skeletal aliphatic €C/aromatic hydrogen bending/ 873, 1013, 1080, 110« PSU,PES [20, 49]

rocking 1169,872, 10111073,

1104
C-S0,-C symmetric stretching vibration 1148148 PSU,PES [20, 48,49]
C-0-C asymmetric stretching of ary-aryl group 1237,1239 PSU,PES [20, 48,49]
S=0 stretching vibration 1294298 PSU,PES [20, 48,49]
C-S0,-C asymmetric stretching vibration 1322,1321 PSU,PES [20, 48,49]
C-H symmetric deformation of GHC-CHs;group 1364, 1387 PSU [20, 48,49]
C=C aromatic in-plane ring stretching vibration 1409,1407 PSU,PES [20]
C-H stretching vibration of CHC-CH; group 14861485 PSU,PES [20, 48,49]
C=C aromatic in-plane ring stretching vibration 1504, 15841577 PSU,PES [20, 48,49]
C-0 stretching vibration of ester bond<Q©O-) 1200 PE [29]
C=0 stretching vibration of ester bond€Q0O-) 1720 PE [6, 9, 29]
O-H stretching vibration of hydroxyl group@H) 3355, 3393 PE [6, 9, 50]
and carboxylic acid group COOH)
Stretching vibration of sulfonic groupt© 1027 PA [48]
stretching vibration of ester groups
N-H in-plane bending coupled with-® stretching/ 1283 PA [46]

C-H and N-H deformation vibration of amide bond
formation ¢ CONH) (amide Il band)

C-0 stretching/GH bending vibration of carboxylic 1442, 1441 PA [5, 10]
acid/bending vibration of methylene grou@ii,-)

C-C and CN in plane stretching vibration/ C=0 1584, 158(shoulder) PA [11, 12, 47]
stretching vibration of carboxylic acid salt

C=0 stretching/EN stretching vibration of amide 1616, 1614peak) PA [5, 12, 16, 18,
bond formation {CONH) (amide | band) 1630, 1625shoulder) 47, 48]

C=0 stretching vibration of carboxylic acid group 1697 PA [5, 10, 47]
O-H stretching of carboxylic acid groupQOOH)/ 3426, 3393broad) PA [12, 13, 16,
N-H stretching vibration of residual amine groups 17, 48]

"PSU: polysulfone; PES: polyethersulfone; PE: pdbedA: polyamide. The colors are used to clatify link between
a specific wavenumber and its corresponding polymer



Table 5. Interfacial polymerization conditions, physicochemical properties and filtration and antifoulng performance of different reported polyester andpolyamide
thin film composite membranes:molecular weight cut off \WCO), mean pore sizeMPS), zeta potentiall(potential), transmembrane pressuif)( pure water permeability
(PWP), final separation factoi) and irreversible fouling factorg,,).

Physicochemical

1 IP conditions? ; Filtration performance?® Antifouling performance®  Ref
Membrane properties
(monomer AP- TEC  AP/OP MWCO  (-potential ap PP as FR,
monomer OP /support) type (% wiv) tip MPS (V) (pH) (bar) (Iﬁ;g/ Solution (%) Solution (pH) %)
TEOA-TMC/PSU MF PE 5/0.5° 35 min - -1.75(9) 6 0.82 0.6g/LMgSQ 56.8 - - [29]
PEN-TMC/PES UE PE 5/0.2° 20 min 820Da -57.4 (10) 5 1.3 1 g/L MgSQ 67.9 - - [32]
(HPE-SDS)-TMC/PAN UE PE 2.7-0.3/0.5 30 min 4000 Da  -14(8) 6 6.2 1 g/L MgSQ 48.9 - - [50]
TMBPA-TMC/PES NF PE  0.1/0.15 30 sec 1.32nm - 6 4.6 - - 15mg/LHA (7) 5.4 [7]
BPA-TMC/PES NF PE 2/0.15 10 sec 1.00 nm - 6 2.6 - - 15 mg/LHA (7)  -13.6  [53]
TA-TMC/PES UF PE  0.05/0.0% 3 min - - 2 23.4 1.2 g/LMgSQ 50.2 1 g/L HA 1.0 [8]
(SE-DMAP)-TMC/PES UE PEA  1/0.0% 70 sec 474Da  -43.210) 5 6.0 1g/LMgS® 839 0.5g/LHA (7.4) 240 [6]
PIP-TMC/PES UE PA 1/0.0%¢ 70 sec 309Da  -79.2(9.8) 5 10.3 1g/L MgSO 97.4 0.5g/LHA(7.4) 48.0
CDADO-TMC/PSU UE PEA 2/0.3° 2 min - -23.3 (10) 10 5.3 2 g/L NaSO, 91.0 0.5 g/L BSA 26.2 [5]
PIP-TMC/PSU UE PA 2.5/0.3 2 min - -13.6 (10) 10 3.0 2 g/L NaSO, 90.0 0.5 g/L BSA 58.6
(PIP-BP-TEA)-TMC/PAN ENM  PA 0.7-0.3-1/0.1 1 min - - 4.8 20.4 2g/LMgSQ 87.0 - - [34]
(PIP-TEA)-TMC/PES ENM PA 1-1/0.1 1 min - - 4.8 6.7, 2 g/L MgSQ 99.1 - - [33]
(PIP-TEA)-TMC/PAN UF PA 1-1/0.1 1 min - - 4.8 3.0, 2 g/L MgSQ 97.3 - -
NF270 PA - - - -41.3 (9) 13.8 145 2g/L Mg$0 97.4 - - [33,
NFOd* PA - - - -37.0 (9) 13.8  11.2 2 g/LMg30 99.0 - - 54]
(PIP-DABSA)-TMC/PAN MP PA  1-1/0.r° 1 min - - 3 20.4 1 g/L NgSO, 95.6 1.5 g/L CTAB 15.4 [10]
PIP-TMC/PAN MP PA  2/0.1 1 min - - 3 15.2 1 g/L NSO, 95.2 1.5 g/L CTAB 46.7
PIP-TMC/PSU UE PA 2/0.05 30 sec 29Da  -28.9(6.5) 7 4.} 2 g/L MgSQ 89.6 1g/LBSA(7.4) 16.0 [4]
PIP-TMC/PSU UE PA  0.2/0.15 50 sec 280Da -65.2 (7) 5 14.2 0.5g/L NaSO, 98.3 0.5g/LBSA (7) 248 [3]
BPA-TMC/PSU ENM PE 2/0.2% 15 min 2.26pm  -72.5 (10) 1 213 15 mg/L HA 72.5 15 mg/L HA (11) 10.2  This
BPA-TMC/PES MF PE 2/0.25 15min  0.46um  -48.1 (10) 1 25.6 15 mg/L HA 86.9 15 mg/L HA (11) -220°  Study
(PIP-TEA)-TMC/PSU ENM PA 1-1/0.25 5 min 2.84pm  -49.2 (10) 1 324 15 mg/L HA 69.0 15 mg/L HA (11)  46.4
(PIP-TEA)-TMC/PES ME PA 1-1/0.25 5 min 0.52um  -34.8 (10) 1 4.4 15 mg/L HA 91.0 15 mg/L HA (11) -33.0°

IAP = aqueos phase; OP = organic ph&secomercial support;= Lab-made support; TEOA = triethanolamine; TMQimesoyl chloride; PSU = polysulfone; MF = micrarfiltion; PEN = pentaerythritol; PES =
polyethersulfone; UF = ultrafiltration; HPE = hypeanched polyester; SDS = sodium dodecyl sulfatdy B polyacrylnitrile; TMBPA = tetramethyl bisphehd; NF = nanofiltraton; BPA = bisphenol A; TA =
tannic acid; SE = seriol (2-Amino-1, 3propanedidMAP = 4-dimethylaminopyridine; PIP = piperazinePADO = carboxylated aromatic diamine-diol; BP =piperidine; TEA = trimethylamine; ENM =
electrospun nanofiber membrane; DABSA = 2,5-diafnénzene sulfonic acid.

2P = interfacial polymerization; PE = polyester;#E polyesteramide; PA = polyamid®;= optimized conditions;p = IP reaction time.

The subscript p indicates that these values cosrespp permeate fluxes instead of pure water fluxes

“HA = humic acid; CTAB = cyltrimethylammonium bron@igdBSA = bovine serum albumin.

“Estimated values taken from figures plotted indberesponding reference.

" The negative values of R, are due to the partial detachment of the thin fdger from the supporting membrane.
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Figure 2. Schematic of the interfacial polymerization reaction of different monomers. A) Bisphenol A
and trimesoyl chloride react to form polyester (RB}B) piperazine and trimesoyl chloride in presence of
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Figure 3. Influence of the polymerization reaction time on the morphological and structural
characteristics of polyester thin film nanofiber composite membranes. A) SEM surface images at
X1500 magnification,B) mean pore sizeZﬁ), C) normalized differential (DFF) and cumulative
(CFF) pore size distributions, aij FTIR spectra of the unmodified supporting membrgeM1)
and the surface modified PE TFNC membranes prepaiéd reaction times of 5 min (PE
TENC1_5), 10 min (PE TFNC1_10), 15 min (PE TENC1) did 20 min (PE TFNC1_20). The PE
TFNC membranes were prepared by reacting BPA an@ abldescribed in Fig. 2A.
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Figure 8. Morphological and structural characteristics of polyamide thin film composite
membranes prepared on different supports. A) SEM surface images at X1500 magnificatig,
mean pore sizeﬁﬁ), C) normalized differential (DFF) and cumulative (CH¥ore size distributions,
and D) FTIR spectra of the unmodified supporting membsa(iEeENM1, PES) and their respective
surface modified membranes (PA TFNC1 5, PA TFCThe PA TFC membranes were prepared

with 5 min reaction time of PIP and TMC in presenf¢he acid acceptor TEA as described in Fig.
2B.
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Figure 9. Comparison of the filtration properties of polyester and polyamide thin
film composite membranes prepared on different supports. A) Humic acid permeate
flux (Jy4) andB) separation factora( as a function of filtration time of the unmoddie
supporting membranes (ENM1, PES) and their respestirface modified polyester (PE
TFNC1_15, PE TFC_15) and polyamide (PA TFNC1 5, A _5) TFC membranes.
C) Performance indeX(), andD) photographs of the membranes after the filtratiests
carried out with 15 mg/L HA feed aqueous solutiopld 11 and 1DPa transmembrane
pressure.
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Highlights

Polyester (PE) and polyamide (PA) layers prepared by interfacial polymerization (1P)
Use of different supports to prepare PE and PA thin film composite (TFC) membranes
Study of the effect of IP reaction time on PE membrane antifouling performance
Relation between physicochemical, filtration and antifouling properties of membranes

Comparison of filtration and antifouling performance of PE and PA TFC membranes
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