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ABSTRACT:This work shows that incorporating highly compathedern modified Membrane
polyrhodanine nanoparticles (PRh-NPs) into a polyamide (PA) active
layer allows for fabricating forward osmosis (FO)Irihinemposite
(TFC)-PRh membranes that have simultaneously improved ant
bial, antifouling, and transport properties. To the best of our knowle
this is the rst reported study of its kind to this date. The presence of the |
PRh-NPs on the surface of the TFC-PRh membranes active layers is ) o )
evaluated using FT-IR spectroscopy, SEM, and XPS. The MicCrosetiimmaream o 2oung Propesstty
interactions and their impact on the compatibility of the PRh-NPs Vil
the PA chains were studied using molecular dynamics simulations. @
tested in forward osmosis, the TFC-PRh-0.01 membrane (with 0.01
PRh) shows sigmiantly improved permeability and selectivity becausdi§
the small size and the high compatibility of the PRh-NPs with PA chains.
For example, the TFC-PRh-0.01 membrane exhibits a FQuwafer

41 l/(m?h), higher than a wateux of 34 I/(nf-h) for the pristine TFC membrane, when 1.5 molar NaCl was used as draw
solution in the active-layer feed-solution mode. Moreover, the revers sltite TFC-PRh-0.01 membrane decreases to
about 115 mmol/(fh) representing a 52% improvement in the reverse salutethis membrane in comparison to the

Oraw Sotuion Concentraton (Hoia)

pristine TFC membrane. The surfaces of the TFC-PRh membranes were found to be smoother and more hydrophilic than thos

of the pristine TFC membrane, providing improved antifouling propentiasady aux decline of about 38% for the TFC-
PRh-0.01 membranes againgkaecline of about 50% for the pristine TFC membrane when evaluated with a sodium alginate
solution. The antimicrobial traits of the TFC-PRh-0.01 membrane evaluated using colony-formingiaregseaice

imaging indicate that the PRh-NPs hinder cell deposition on the TFC-PRh-0.01 membraeetsiafacingting bitm

formation.

INTRODUCTION the present unsatisfactory antifouling property of TFC
Forward osmosis (FO) is a membranes-based technology branes for FO, many studies have been aimed at developing

can be used to supply drinking water from seawater and brackigij-performance FO membranes with improved resistance
water resources, as well as wastewater reuse. Despite its attr@@iast organic and biological foliling. _ _
features, present challenges in developing a FO membrane wittf@other challenge in TFC polyamide membranes is the
high water permeability, a low reverse sakjtand negligible ~degradation of the membranes upon exposure to common
fou“ng propensjty have hindered |arge_sca|e app"cations ofdh?énfectants and oxidants such as chlorine or its de?ivatives,
FO technology?® To address these challenges, thin necessitating alternative membrane preparation strategies such
composite (TFC) polyamide membranes have been devemmdsurface coating TFC membranes with hydrophilic functional
and used in FO. Although TFC polyamide membranes are

known to be less prone to fouling and easy to clean, they undergeeived: February 9, 2018

organic and biological fouling when used in water treatmentcepted: March 28, 2018

desalination, and wastewater reuse précégses. result of  Published: March 28, 2018
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Scheme 1. Polymerization Mechanism of Rhodattine
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Scheme 2. Postulated Interaction Mechanism of PRh-NPs with the TMC Monomer and PA Chains
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materials and incorporating hydrophilic and antimicrobiabnsiderable attention in a wide range of applié&tions.
materials into the membrane active Ya§eModifying TFC Rhodamine-based polymes be used as antimicrobial
membranes with superhydrophilic materials increases #fents® In this study, for therst time, highly compatible
membrane resistance to fouling caused by organic molec@g®-NPs are incorporated into the polyamide (PA) active layer
such as proteins, polysaccharides, and natural orgagiqrC FO membranes to fabricate defect-freelrisrwith
matters” 25”" it compromises the membrane biofoulingsimytaneously improved transport, antifouling, and bactericidal
resistancé.* E orts have been made to incorporate biocidaloperties. The PRh-NPs are synthesized and then are used in
nanomaterials into TFC membranes as garﬁ apprc_Jach 0 the fabrication of TFC-PRh FO membranes. Because of the high
prevent the attachment or growth of microorganisms on the

membrane surfat82 Biocidal nanomaterials such as zinccopatibility of the PRh-NPs with the PA chains, which

oxide?® silver, and copper nanopartitlé§,have been facilitates the formation of an integrated defect-free active
incorporated into membranes. However, the performance daye" the TFC-PRh membranes have superior performance.
long-term eciency of the TFC membranes have besteal Interactions between the PRh-NPs and the PA chains strongly
negatively by agglomeration and leaching-out of the nanofte&ct the structure of the PRh-TFC membranes. As the

terials, caused by the low compatibility of the inorganic materigfgractions are impossible to characterize using experimental
with polymer chaifié>® technique$***we use molecular dynamic (MD) simulations to

Because of their antibacterial, antiviral, and antimicrobjglin insights into them. This Article reports a study that makes a
properties, rhodanine and its derivatives have receiv@aergetic use of laboratory experiments and MD simulations to
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gain a good understanding of the microscopic interactions and/iolecular Dynamic (MD) Simulations. All MD simu-

the compatibility of PRh-NPs with PA chains. lations were performed using Materials Studio 6.0 (MS) software
(Accelrys Inc., San Died0Retails on the simulation procedure
MATERIAL AND METHODS used for the polyrhodanine monomer, polyamide chains, and the

Materials and Chemicals. N,N-Dimethylformamide PRh-NPs incorporated into the polyamide are provided in
(DMF, 99.5%,), Triton X-100, polyvinylpyrrolidone (R\P, S!-S2.2 .
= 25000 g/mol), trimesoyl chloride (TMC), 1,3-phenylendi- Evaluation of Transport Properties and FO Perform- '
amine (MPD), triethylamine (TEA), camphorsulfonic acidnce- A common lab-scale FO setup with a membrane cell with
(CSA), nhexane (96%, Scharlau), sodium chloride (NaCRn € €ctive area of 30 twas used to measure the FO water and
99.5%), rhodanine monomer (2-thioxo-4-thiazolidinone), déeverse soluteuxes for the pristine TFC and TFC-PRh
decylbenzenesulfonate (DBSNa), and potassium permangaRiggoranes. More information on the setup and procedure
(KMnO,) were purchased from Merck. Poly(ether sulfone}!S€d to measure the FO performance of the membranes are
(PES) (Ultrason E6020P M 58 000 g/mol) was purchased Provided irbl.S2.3

from BASFEscherichia (E.) o@iTCC 25922) andstaph- The in_t_rinsic charactertst (_)f the membranes (water
ylococcus (BYTCC 25923) were provided by Razi Vaccine andpermeability, solute permeablllt_y, and structural parameter,
Serum Research Institute (Karaj, Iran). denoted by A, B, and S, respectively) were evaluated using the

PRh-NPs Synthesis and Characterization. 1.13 molesof ~ Protocol described in ré8 An average value of three
rhodanine (monomer) was dissolved in 50 mL of deionizd@dependent measurements (from three separate experiments)
water, and the solution was heated up €7@ DBSNa  Was used in the calculation of the membrane characteristics.
solution (0.86mol of DBSNa in 30 mL of water) was added to_ Antimicrobial Activity Assessment of the Membranes.
the rhodamine solution under stirring. The temperature of tHevo model bacterig, colandS. aureus/ere grown overnight
resulting solution was then decreased graduafigteder30  in @ LuridBertani (LB) broth while shaking the broth a€37
min, 50 mL of 63.2 mmol/L KMn®olution was added slowly The broth with the grown bacteria was then diluted with a fresh
dropwise to the rhodamine-DBSNa solution. The oxidatidrB broth and was kept under incubation conditions for 3 h. The
polymerization of rhodanine was completed after 209€Cat 25 number of attached live bacteria on the membrane surface was
The solution was then centrifuged and washed three times vfi#nti ed via a viable-cell-attachment experiment (more details
acetone and deionized water to obtain PRh-NPs. The resultffyy Sample preparation for colony counting aacescence
residue was dried under vacuum atCAfor 2 days. The imaging are provideddhS2 y*"ALeica DMRXEuorescence
polymerization mechanism of rhodamine monomer is shownfTHcroscope (160PlanApo objective lens coupled to a digital
Scheme.1 image capture system, Tucsen model TC-3) was used to record

The PRh-NPs were characterized using transmission elecifd@ges by the TS View (On Focus Laboratories, version 7)
microscopy (TEM), scanning electron microscopy (SEM), arkPftware. _ ) _

Fourier transform infrared (FT-IR) spectroscopy. A MasterSizefrO Membrane Fouling and Biofouling Assessment
laser diraction particle size analyzer was used to determine f@thway. Dynamic fouling experiments were carried out to
particle size distribution of the PRh-NPs. The size of the PRMaluate the resistance of TFC and TFC-PRh membranes against

particles in the DMF solvent was measured using the dyna,q&,lig4anic— and biofouling, according to the procedure described in

light scattering (DLS) method. ref.” For the organic fouling assessment, sodium alginate, a

Preparation and Characterization of TFC and TFC-PRh polysaccharide, was selected aa&{nodel organic foulant (further
Membranes. Interfacial polymerization (IP) on the surface oféXPlanation can be foundsinS2 5
PES substrates was carried out to prepare TFC membranes. To
prepare the TFC membranes, the PES supportrstas RESULTS AND DISCUSSION
immersed in a solution containing 2.0 wt % MPD, 1 wt %he PRh-NPs were characterized using SEM, TEM, DLS, and
TEA, and 2wt % CSA for 2 min. The MPD saturated membrane$|R-ATR. The characterization results and explanations are
were dipped in a 0.1 wt./v% TMQuhexane solution for 30 s provided ir51.S3.1

(referred to as pristine TFC membranes without the PRh-NPS). vicroscopic Interaction of PRh-NPs with PA Chain. To

The TFC-PRh membranes were fabricated using the sagifin a better understanding of intermolecular interactions
procedure but by incorporating PRh-NPs into the PA lay@gtween the PRh-NPs and the PA chains, MD simulations

during IP. Two derent levels of the PRh-NPs (0.01 and 0.02 Wjyere carried out. The strength of microscopic interactions can be
%) were loaded in the TMC solution followed by ultrasonicatinganti ed using the interaction eneEjeraction

for 10 min. After the formation of the selective layer, the 5

membranes were cured in an oven‘’d & 5 min and stored Einteraction= Emixur® ( E polyamide E polyrhodanine 1)

in 20°C deionized water before testing. These membranes will

be referred to as TFC-PRh-0.01 (with 0.01% PRh-NPs) amdhereE,,;,..S the total potential energy of the PRh-NPs and PA
TFC-PRh-0.02 (with 0.02% PRh-NPs) membranes. We propesiture E,,.mi¢dS the potential energy of the PA chains, and
the polymerization mechanism and the interactions amoBg,modanindS the potential energy of PRh-NPs. The interaction
TMC, PA chains, and PRh, showgtileme.2Vhen PRh-NPs  energy can be used to quantify the strength of covalent or H-
are added to the TMC solution, they react with TMC moleculdsond interactions. The calculated interaction energies are given
during ultrasonication, and this reaction allows for incorporatimgTable 1 A molecular structure with a negative interaction
PRh-NPs into the PA structure during IP. In addition to thenergy is stable; the more negative is the energy, the more stable
covalent bonds formed by the reaction, the carbonyl aml the structure. As can be seeffahle 1 the negative
secondary amine groups of the unreacted PRhs interact withititeraction energies com proper compatibility and good
carbongll and amide groups of the PA backbone via hydrogetermolecular interactions between PRh-NPs and PA chains.
bonds’® The characterization methods are describe®ihl However, the interaction energy of PRh$30&. 26 kcal/mol,
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Table 1. Energies Calculated Using MD Simulations (kcal/ imposes additional limitations on the formation of hydrogen

mol) bonds in the bonded-PRh-PA compare to that in PRh-PA, in
which PRh-NPs are randomly distributed in the PA matrix.
5 Evixure  Epotyamice E'3°'V'“°da"i“e VE‘””aC“O" Radial distances between (a) hydrogen and nitrogen atoms
PASPRh ‘%tr?érgy 320.762  644.122 S17.100  S306.260 and (b) hydrogen and oxygen atoms can also be used to indicate

the presence and strength of hydrogen bonds. The H-bond

Hbond  $78.019  $55.352 0000 $22.667 formation probability in a structure has been reported to be
bonde® total 340.242  579.350 $39.820 $199.290 ; P y . €n repo
PASPRh  energy maximum at a hydrogen-acceptor distanceSat@ &' As
H-bond $41.666 330145 33.266 &8.255 depicted ifFigure 1the calculated distances between the PRh-

NPs and the PA chains in both systems is wit&n.2 .4,

which is approximately 53% higher than that of bonded-PRh-{pglicating that the interactions are of the moderate type
(5199.29 kcal/mol). The less negative interaction energy of tfRlectrostatic) based onrég's categorization.
bonded-PRh-PA can be due to thegrmation of the PRh-NPs, Surface Characteristics of the MembranasR-FTIR _
which leads to steric hindrance. However, the more negatfR€ctroscopy was conducted to analyze the surface chemistry of
interaction energy of the PRh-PA is due to the uniform alignméhe TFC and TFC-PRh membranes and the results are presented
of the PRh-NPs along the PA chains. in Figure a. The band at around 1485teorresponds to the

A higher interaction between PRh-NPs and the function@SC stretching vibrations in the aromatic'fitigadditionally,
groups of PA can be indicative of the formation of hydrogéhe peaks observed at 1145 and 12#5comespond to the
bonds. In other words, there is a goatitp between oxygen/ ~ Phenylring and asymmetr&@SC stretching vibration related
nitrogen of the PA and the functional groups of the PRh-NH9,the PES substrate. The characteristic peaks of the PA layer can
which leads to the formation of hydrogen bonds, as schematidayobserved in all spectra at 1669" ¢amide I, C O
shown inFigure 1Nevertheless, the total interaction energie§tretching vibration), 1540%igroupling of &N and in-plane
calculated based on the Dreiding faics show that the ratio  NSH bending stretching vibration of the amide I1), and 1610
of hydrogen bonds to the total interactions declined from 7.4%aaP" (hydrogeSbonded carbonyl of the amide). As the
4.14% by the addition of PRh-NPs to the polyamide chains. Th@centration of the PRh-NPs increased, the intensity of main

reduction can be due to the steric hindrance of PRh-NPs thi@aks decreased or disappeared coniplételigating the
formation covalent bonds between the PRh-NPs and the PA

chains. Interestingly, the intensity of the acyl chlori§g 8860
cml)?® of the PA layer decreased by increasing the
concentration of PRh-NPs, suggesting that new bonds were
formed between the PRh-NPs and the unreacted acyl chloride of
the PA chains. Moreover, the peak at about 192&cmeased
considerably, and a new peak appeared at *d#tatocan be
attributed to the C S stretching vibration (shifted from 1116
cred), verifying the presence of the PRh-NPs in the PA selective
layer of the TFC-PRh membranes. The new peak observed at
1442 (shifted from 1431 €incan be assigned to the ©*
stretching vibrations of the PRh cHéifisBesides, the
considerable decrease of theQCstretching vibration of the
amide | arising from the hydrogen bond formed between the
PRh-NPs and the PA chéftiskewise, the gradual increase of
the peak intensity at 1544°¢mith the PRh-NPs concentration
suggests the formation of a new amide b&id)(@tween the
PRh-NPs and the free acyl chloride of the PA thains.

Increasing the membrane surface hydrophilicity has been
found to be an ective strategy to decrease foulant deposition
and adhesion on a membrane surface, thereby improving
antifouling properti€S. As can be seen iRigure B,
incorporating 0.01 and 0.02 wt % of PRh-NPs into the selective
layer decreased the contact angle of the TFC membrane from
5% + 3t042 + 2 and 33+ 3, respectively; a more hydrophilic
surface with higher mity to water was obtained by embedding
PRh-NPs in the PA active layer. The sigmiimprovement in
the hydrophilicity of TFC-PRh membranes can be ascribed to
the presence of hydrophilic oxygen-containing and amide
functional groups in the PRh structure.

An Atomic force microscopy (AFM) analysis was performed
to investigate the ects of the PRh on the surface morphology
and roughness of the TFC-PRh membrarigsir¢ 2).

Figure 1.Radial distances between (a) hydrogen and oxygen and (BPughness parameters, average rougRjiessl foot-mean-
hydrogen and nitrogen atoms, where the red, gray, yeliow, blue, 8Agiared roughnes)( calculated from the AFM images are
white spheres are oxygen, carbon, sulfur, nitrogen, and hydrogen atgiven irFigure @. The AFM images indicate that the TFC-PRh
respectively. membranes have a much smoother surface compared to the TFC
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Figure 2(A) ATR-FTIR spectra, (B) surface contact angles, (C) AFM images, and (D) surface roughness of the TFC and TFC-PRh membranes

membrane. The PRh-TFC membranes have lower averagmgnication FESEM images show that the presence of PRh-
roughness than the TFC membranes (75 and 81 nm for TFGHPs smaller than 50 nm within the active layer and on the surface
PRh-0.02 and TFC-PRh-0.01 membranes, respectively, vsdfdiioth TFC-PRh membranes. Also, the PRh-NPs were well
nm for the TFC membranes). This can be attributedd¢tive dispersed in the polymer matrix with no considerable
dispersion of the PRh-NPs in the active layer and the higlaglomeration_unlike many esthinorganic nanoparticles
compatibility of the PRh-NPs with the PA chailiso, the  studied beforé>>* In addition, it can be seen that the PRh-
average roughness of the TFC-PRh membranes did not chaNgs are surrounded completely by polyamide chains (yellow
considerably, and there was no statisticallgaigmi erence arrows). This good dispersion of the nanoparticles in the PA
in AFM surface roughness measurements for membranes TE@4cture during IP is a result of the organic and hydrophilic
PRh-0.01 and TFC-PRh-0.02. nature of the PRh-NPs. The good compatibility of the PRh-NPs
FE-SEM images of the TFC and TFC-PRh membrane surfaeesl PA matrix prevents the formation of any interfaciél gaps.
are shown ifrigure 3A homogeneous and typical ridge andFigure 4shows the ect of PRh-NPs loading on the cross-
valley structure was observed for all TFC membranes, indicatiagtional morphology of the TFC membrane active layer. As can
thatincorporating the PRh-NPs did not alter the overall structupe seen, the overall thickness of the active layer decreased slightly
of the TFC membrane surface considerably. The highith PRh-NPs loading. This decrease in the selective layer

5250 DOI:10.1021/acs.est.8b00804
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Figure 3(A, B) Surface FE-SEM images of the TFC membrane, (C, D) TFC-PRh-0.01 membrane, and (E, F) TFC-PRh-0.02 membrane. The rigr
hand images are high resolution images to better show the PRh-NPs embedded into the active layer.

thickness is due to accelerated the IP caused by loading ¢lements, namely oxygen (O 1s), nitrogen (N 1s), and carbon (C
hydrophilic PRh-NP3>° Moreover, the steric hindrance and 1s). The absence of a sulfur peak in the pristine TFC membrane
high compatibility of the PRh-NPs with the amine monométhe main peak of the support layer) indicates the formation of an
decrease the MPD penetration and slow the formation of PiAtegrally skinned PA layer on the surface of the PES support.
leading to the development of a thinner active i&wech a  However, the observation of relatively small signal S (2p) at
reduction in the active layer thickness can lower the mass trarasifeut 165 eV in the XPS spectra of the TFC-PRh membranes
resistance, leading to an enhanced water However, conrms the presence of the PRh-NPs on the surface of these
incorporating a higher concentration of the PRh-NPs increasesmbranes.

the likelihood of nanoparticles agglometatiGrand poor Table Qresents the results of the XPS analysis of the pristine
dispersion, resulting in the formation of more zigzag channels¥éiC and TFC-PRh membranes, determined based on the
water transport and thus lower permeability. intensity of the O (1s), N (1s), C (1s) peaks located at around

An X-ray photoelectron spectroscopy (XPS) analysis waR2, 399, and 285 eV, respecfivdleoretically, the O/N
carried out to investigate the elemental composition, chemicio varies between 1.0, for fully cross-linked structure where
bonding, and degree of cross-linking of the PA selective lagaich oxygen atom is linked to a nitrogen atom in an amide bond,
Figures & shows XPS survey spectra of the TFC and TFC-PRimd 2.0, for a fully linear structure with additional oxygen atoms
membranes, which point to the presence of three predominamtthe free carboxylic grofip# higher cross-linking degree

5251 DOI:10.1021/acs.est.8b00804
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Figure 4 Cross-section FE-SEM images of (A) the TFC membrane and (B) the TFC-PRh-0.01 membrane.

provides a denser polyamide structure and thus higher selectigityjronment (carbons i$8 bond), and a minor peak at 288.5
while the carboxylic acid terminal in the linear part is likeBV corresponding to carbons attached to strong electron
responsible for creating improved hydrophilicity and permeithdrawing groups (carbons in carboxylicC®O and

ability of the surface. The results of the elemental compositiamides O CSN bonds)’’ High resolution O (1s) spectra of
analysis indicated that incorporating the PRh-NPs into the TM#@th TFC and TFC-PRh membranes show two peaks at about
solution increases the O/N ratio of the TFC-PRh-0.0531.6 and 533.0 eM¢ures@&andse), which can be assigned to
membrane slightly, but that of the TFC-PRh-0.02 membra@ C and G5C groups in the PA layer, respecfi#&llso,
considerably. This can be attributed to the presence of oxygleere is an additional peak at 534 eV that correspond$te an O
and nitrogen in the structure of the PRh-NPs. The increased 8¥nd®®As shown iffigure § the high resolution S (2p) spectra

N ratio can be indicative of a less cross-linked polyamidéboth TFC-PRh-0.01 and TFC-PRh-0.02 membranes has a
structure originated from the steric hindrance of the PRh-NR®ak around 165.8 eV, which can be assigned to active S species
The cross-linking degree of a typical PA layer formed by théth a S bond? In addition, the peak at 168.3 eV can be
reaction of MPD and TMC can be determined using the O/Nattributed to the 8S bond arising from the sulfate species
ratio. However, the O/N ratio cannot be representative of tifermed by oxidation of S in the%Tg

cross-linking degree in the TFC-PRh membranes because dfransport Properties and Performance Evaluation of
abundant O and N atoms in the structure of PRh-NP&embranesTable 3ummarizes water permeability (A), solute
Consequently, we used the chemical bonds t@ialculate  permeability (B), and structural parameter (S) data for the TFC
the cross-linking degree of TFC-PRh membranes. The raticanid TFC-PRh membranes, calculated by the four-step FO
chemical bonds was obtained from the deconvolution of the higleasurement method described i¥r&enerally, incorporat-
resolution C 1s and O 1s specFa(re 5and Table 3.°° ing PRh-NPs into the active layer of a TFC membrane leads to
Although a lower CO/C SN ratio can be indicative of a higher improved water permeabilifble 3shows that 0.01 wt %
content of amide linkage in TFC-PRh membftaitds, not loading of PRh-NPs into the active layer increased the water
possible to determine the exact O/N or @CSN ratios permeability, but loading beyond this level decreased the
without considering chemical bonds between the PRh-NPs aratmeability slightly to a value above that of the pristine
the PA chains. The results of both approaches revealed that sorambrane. However, 0.01 wt % loading of PRh-NPs into the
of the acyl chloride groups are most presumably consumed byabtve layer decreased the solute permeability, but loading
formation of new bonds between TMC and PRh-NPs, arukyond this level increased the solute permeability to a value
consequently are incorporated into the polyamide structumaich higher that of the pristine membrane. The B value slightly
during the interfacial polymerization. As can be seéigiiosn ~ decreased from 0.37 B4 for the TFC membrane to 0.22 L

5c andbd, the intensity of theSB band increased in the TFC- m>2 h°! for the TFC-PRh-0.01 membrane, but increased to 0.55
PRh membranes compared to that of TFC onesnthis) L m™2 h°! for the TFC-PRh-0.02 membrane. An important
agrees with the MD simulations and FTIR spectroscopy resutteasure of the selectivity of a FO membrane is the ratio of solute
Both the steric hindrance of the PRh-NPs and the participatipermeability to water permeability, the B/A ratio. A small value
of the nanoparticles in the interfacial polymerization weaken thféhe B/A ratio is desired in P&°The B/A ratio of the TFC-
intermolecular bonds between monomer units and decreasePRh-0.01 membrane (0.14%as signicantly less than that of

PA layer integrify/. the TFC and TFC-PRh-0.02 membramneblé 3. The TFC-

More evidence on the chemical bonding was obtained B{Rh-0.02 membrane has the highest B/A ratio compared the
deconvolution of C (1s) and O (1s) high-resolution XPS spectrather two membranes. Moreover, the salt rejection of TFC-PRh-
as shown iRiguresB andsc. C (1s) high resolution spectra for 0.01 membrane was considerably higher than those of the neat
both TFC and TFC-PRh membranes show three peaks: a maléitC and TFC-PRh-0.01 memes. From these initial
peak at 285 eV assigned to a carbon atom without adjacpatformance results, it can be concluded that the low loading
electron withdrawing groups (carbons in aliphatic/aroifatic Orate of PRh-NPs is needed to improve the transport properties of
C or CSH bonds\**°® an intermediate peak at 286.5 eV TFC membranes. Incorporating PRh-NPs carerine
associated with carbon atoms in a weak electron-withdrawimigrfacial polymerizatioBcheme)2 resulting in a disrupted
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Figure 5(A) XPS survey spectrum of the TFC membrane and the TFC-PRh-0.01 membrane. Deconvoluted high-resolution C (1s) spectra of (B) TF
membrane, (C) TFC-PRh-0.01 membrane, and (D) TFC-PRh-0.02 membrane. Deconvoluted high-resolution O (1s) spectra of (E) TFC membrar
(F) TFC-PRh-0.01 membrane, and (G) TFC-PRh-0.02 membrane. (H) Deconvoluted high resolution S (2p) spectrum of the TFC-PRh-0.0:
membrane, and (I) TFC-PRh-0.02 membrane.

Table 2. Elemental Compositions, O/N Ratio, and Cross-linking Degree of the PA Selective Layer

atomic concentration (%)

membrane C (1s) O (1s) N (1s) S (2p) OIN ratio cross-linking degree (%) O/TSN (%)
TFC 81.11 9.29 9.60 0.00 1.03 95.56 37.50
TFC-PRh-0.01 76.20 12.20 11.300 0.37 1.14 80.37 36.23
TFC-PRh-0.01 74.50 14.70 9.30 1.50 1.58 32.56 35.08

polyamide chain packing (5ekle Zor cross-linking degréé).  particles agglomeration, poor dispersion, or steric hindrance of
The polyamide introduced with lower active layer thickness amohded-PRh-PA chains. Bonding of PRh-NPs with TMC
less compact structure improves the permeability of TFC-PRiolecules decreases the degree of cross-linking, deteriorating
membranes. However, a high loading level of B&b the  the PA chains packing, and thus, leading to increased free volume
active layer integrity negatively, and hence reduces the selectivitlye selective lay&f>’* However, in case of TFC-PRh-0.01

of the membrane. The formation of defects at higlthe presence of abundant intermolecular hydrogen bonds (as
concentrations of PRh-NPs can be attributed to the nanproved by the MD simulations) resulted in higher water
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Table 3. Intrinsic Transport Properties of the Membrénes

membrane A (L/m?h-bar) B (L/m?h)
TFC 1.1+ 0.09 0.3% 0.02
TFC-PRh-0.01 1#60.10 0.2z 0.01
TFC-PRh-0.02 1430.10 0.5% 0.03

B/ A (bar? R (%) S( m)

0.34 0.045 74.9% 2.06 123 1.00
0.14 0.014 94.65 2.44 128 2.00
0.42 0.055 60.08 1.78 71 4.00

ZA = water permeabili§ = solute permeability, add structural parameter. The salt reje®i(¥), were obtained by experiments with 20 mM

NaCl, at 7.5 bar, and at 23 cm/s.

without scarifying the salt selectivity, compared to that of the addition,] increased with the DS concentration due to a
TFC membrane. Additionally, the more hydrophilic surface bigher salt concentration gradient at the membrane surface
the TFC-PRh membranes can adsorb water molecules m@feure 6). Moreover, frorigure B, it can be seen thhof

easily, facilitating the transport of water molecules through the TFC-PRh-0.01 membrane is considerably lower than those

active layer.

The water ux (J,) and soluteux (1) of the TFC and TFC-
PRh membranes measured a&reint concentrations of draw
solution (DS) are presentedFigures & and b. The results

Figure 6. Performance evaluation of the TFC and TFC-PRh

membranes as a function of the DS concentration: (A) FOwxater
(B) FO reverse soluteix, and (C)/ J, ratio.

of the TFC and TFC-PRh-0.02 membranes. A loose polyamide
structure may be formed at higher loading levels of PRh-NPs
(e.g., 0.02 wt %), which decredses a FO process, an
important parameter indicating membrane performance is the
specic solute ux ¢/ J,). TheY J, value of the TFC and TFC-

PRh membranes are giveRigure 6. A lowerl/ J, value is
preferred and indicates a higher selectivity and a higher water
transport for a FO membrdfd signicant decrease dfJ,

was observed for the TFC-PRh-0.01 membrane, pointing to
signi cant improvement in both water transport and selectivity
with this level of PRh loading.

Bactericidal Activity of the TFC and TFC-PRh Membranes.
The number of attached viable cells decreasechsitiyion
the surface of the TFC-PRh-0.01 membrane compared to the
pristine TFC membranEi§ure @ andrb), which implies that
loading the PRh-NPs into the polyamide active layer imparted a
strong antimicrobial property to the surface of the TFC-PRh
membranes. The bacterial inactivation of over 89% and 92% was
achieved for the TFC-PRh-0.01 membrane when exgosed to
coliandS. aureusacteria, respectively.

To investigate the bactericidal activity of the TFC-PRh-0.01
membrane further, theorescence microscopy images of the
TFC and TFC-PRh-0.01 membranes were taken after contacting
with E. colbacterial suspensidrigure d). The uorescence
images after live (green)/dead (red) staining indicated that the
number of live bacteria on the surface of the TFC-PRh-0.01
membrane were much less than that of the TFC membranes. The
live/dead cell ratio on the surface of the TFC membrane is about
86%, while this ratio is about 24% for the TFC-PRh-0.01
membrane, implying improved bactericidal properties of the
TFC-PRh-0.01 membrane. It should be noted that this
bactericidal activity was achieved with a very low concentration
of the PRh-NPs (0.01 wt %). The superior bactericidal property
of the TFC-PRh-0.01 membranes can be attributed to the low
aggregation and the uniform distribution of PRh-NPs over/into
the polyamide active layer of the membranes, as can be seen in
the high magnéation SEM imageBi¢ure 3 Because of the
unshared electron pairs in their sulfur and oxygen groups, the
PRh-NPs provide the TFC-PRh membranes with the bactericidal
broperty’? Moreover, the tertiary amide groups in the PRh
structure can be partially protonated in aqueous solutions,
creating positive chargeShese positively charged parts can
interact with the structure of the bacteria lipid bilayer, causing

indicate that the FO performance of the membranes wagtoplasm oubw and the bacteria deth.

improved by incorporating PRh-NPs into the polyamide activeAntifouling and Antibiofouling Assessment of the Mem-
layer. The PRh nanoparticle incorporation creates a loo$sanes.The normalized watenx of the TFC and TFC-PRh
structure, a more hydrophilic surface, and a thinner active lay@mbranes durindtration of solutions containing sodium

compared to that of a pristine TFC membraigeie &). As
the driving force increas#duwrough increasing the NaCl

alginate and. colibacteria are shown fiigure 8 During
Itration of both sodium alginate &dolgolutions, a gradual

concentration in DS, of the membranes was also increasedwvater ux decline was observed for all membranes indicating
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Figure 7(A, B) Antimicrobial properties of the TFC (top) and TFC-PRh-0.01 (bottom) membranes after & pmding$o aurelscterial cells

for 1 h. (C) Percentage of colony forming units (CRB))aflandS. aurew=lls relative to that on the pristine TFC membrane (control membrane)
and quantitative analysis of live (green)/deadEred)ratios (percent) on the TFC and TFC-PRh-0.01 membranes calculatedré&scence
images. (D) Fluorescence microscopy imagesadibn the TFC and TFC-PRh-0.01 membranes.

Figure 8.Normalized wateruxes of the TFC and TFC-PRh-0.01

(Figure &), the development of polysaccharide layer on the
surface of the pristine TFC membrane resulted in a water
decline of about 50% while the TFC-PRh-0.01 membranes
showed aux decline of around 38%. Furthermore, the nitrogen
atoms of PRh-NPs can attract water molecules as hydrogen
acceptors and form a hydration layer to hinder the SA
accumulatioff. Alternatively, the reaction between the residual
hydrolyzed acyl chloride groups and PRh-NPs can result in less
carboxylic-groups active $ftesding to improved resistance to
SA fouling.

During ltration of the solution containikg colithe FO
water ux of the TFC membrane dropped about $586ire
8b). On the other hand, the TFC-PRh-0.01 membrane showed
only a 37% ux decline. These results point to the better
resistance of the TFC-PRh-0.01 membrane against organic and
biofouling compared to the TFC membrane. The more
enhanced hydrophilicity and more smooth surfaces of the
TFC-PRh-0.01 membrane contribute to the improved organic
and biofouling resistance of the membranes. In addition, the
remarkable antimicrobialoperty of the TFC-PRh-0.01
membrane surface combined with the reduced bacteria adhesion
prevented bidm formation, leading to the improved anti-
biofouling of the TFC-PRh-0.01 membrane.
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