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ABSTRACT

ypothesis: first, polyether sulfone (PES)-based nanofiltration (NF) membranes
Hwere prepared through the phase inversion-immersion precipitation technique.

Then, the surface of the membranes made of poly(methyl methacrylate)
(PMMA)-graphene oxide nanoplates (GO NPs) was modified using dip-coating
technique. The effect of the active coating layer on the morphology, physical-chemical
properties, and antifouling performance and separation ability to remove metal ions
from wastewater was studied.
Methods: The properties of prepared membranes were studied by scanning electron
microscopy (SEM) and Fourier transform infrared (FTIR) analysis. Also, the effect of
the formed active layer on the physio-chemical properties of the membrane including
water contact angle, water content, flux and sodium sulfate rejection, porosity, mean
pore size, heavy metal rejection and anti-fouling performance was investigated.

Findings: The obtained results revealed that the surface-modified membrane with
1% (by wt) MM-0.5% (by wt) GO-NPs had a more appropriate separation performance

nanofiltration membrane, and better antifouling properties compared to other membranes. SEM images of the

surface modification, cross-sectional area of the membranes showed the formation of a relatively uniform

layer on the membrane surface, which became more dense with increase in the amount
of GO-Nps. The performance of the modified membrane in the removal of Cu and Cr
graphene oxide nanoplate’s heavy metal ions was also evaluated and compared with the pristine membrane. The
removal percentage of Cu and Cr ions was 51.4% and 49.3% for the neat membrane,

poly(methyl methacrylate)/

active layer, ; ) ' )
: 4 whereas it was 81.7% and 75.3% for the superior modified membrane, respectively.
separation performance, Moreover, the total fouling resistance was measured to be 23% for the virgin membrane,
antifouling ability while it was 13.2% (Pvalue<0.05) for the best modified one. The irreversible fouling

parameter was obviously decreased from 20% for the pristine membrane to 3.2% for
the optimum modified membrane that shows a superior antifouling ability for them.
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Table 1. Composition of prepared membranes of this study.

Pristine membrane Surface layer
GO
Sample | PES | PVP | DMAC | MMA
nanoplates
(owt) | (owt) | (owt) | (Yowt)
(Yowt)
M, 18.00 | 1.00 81.00 - -
M, 0
M, 0.25
18.00 | 1.00 81.00 1.00
M, 0.50
M, 1.00
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Table 2. Composition of salt and milk powder solutions used in the

investigation of the membrane's performance in the current study.

Used solutions Concentration (ppm)
Na SO, 1000
Cu (NO,), 20 (realated to Cu)
CrSO, 20 (realated to Cr)
Milk powder 8000
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Fig. 1. FTIR analysis for the pristine membrane and modified

membrane.
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Fig. 2. The cross-sectional SEM images with 5 kX and 15 kX magnifications of fabricated membranes: pristine membrane (M)

and modified membranes with poly(methyl methacrylate)-graphene oxid nanoplates (M, to M,).
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Fig. 3. SEM images of the surface of prepared membranes: pristine membrane (M) and modified membranes with poly(methyl

methacrylate)-graphene oxid nanoplates (M, to M,).
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different amounts of GO nanoplates on the porosity of fabricated

membranes in this study (measured at 26.4°C).
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Table 3. The amount of water contet and water contact angle

for the prepared membranes.

Sample Water content (%) | Contact angle (°)
M, 70.2 64.1
M, 69.9 46.0
M, 68.1 53.9
M, 69.4 52.9
M, 71.8 422
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Fig. 6. The effect of PMMA surface layer containing different
amounts of GO nanoplates on salt solution flux at 5 bar pressure

and ambient conditions.
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Table 4. Comparison between the prepared membranes in this study with some other researches.

Membrane Water flux (L/m?2.h) Rejection, Na,SO, (%) | Heavy metals removal (%) Ref.
PES-PMMA/GO (M,) 2.0-3.0 68-70 Cr>81, Cu>75 This study
PES-Ch/Zeolite 5.0-7.0 60-70 Cr>95 [50]
PES-Ch/PANI 9.0-10 64-66 Cr >80 [51]

PES-CNFs 4.0-8.0 54-87 - [52]

6?\ Y 53— )3T D o lousds st o Jw rosly S I9l9iss 9 pole (ol Ao



— A5 Sy bl e Sl Al Gl AST 1S
lalis o5 e aais 5l eddangs SEM sl b plnil (g 54b s
s aY O lmel sl gl sddantle glalic ol Ol
Sl sl plad Lzn s 13aS Y 53 ywse UK oSl
S A1 0L iy dises 4 S ) (§ 5208 plad a sl 0S|
slis 5 Sles Csladl o 2wpn0] Conlt e S
b 50l g e 3 09,5 oS0 5k 55 B 3 el Sl 4
Wbl b oS 5 55 Gl o3 il ol anlie w0l sl
S I LIYIVOT 5 VIAY g Lis (gl 2 5 /YA F/0) O 5w
YW/ossde al glis S S8 5k s Sl pomes A
s li ol g wpad gl il cpl S b s s &S el
by e ol pALeiSiL (K8 Sk lde s VYOV,
S 3l A WY wal slie 3 Yol g s OLLE Sl
el ok ol GLid e (S8 Sp s s Shas 5l 0L
Seslial b p25lo 5 gl sl 2ol was e 0L il
deS| 318 Sladmis gU- (M Ske o) b 5 50elS &Y
5L plande (S5 ol 2 Sl s ) Wl e
b K Sl Gl (gl epsn O iluldr s Sles 50

.J)M

S
DS ol 5l b ol s ST oils 51 dlie 08t 3
..U)\) \)ﬂdwcﬂjﬂ

&l

1. Hosseini S.M., Chehreh M., Jashni E., and Shen J.N.,
Electrochemical Characterization of Electrodialysis Cation
Exchange Membrane Incorporated with Graphite Nanoparticle
for Deionization, lonics, 26 ,1525-1535, 2020.

2. Moghadassi A.R., Bagheripour E., and Hosseini S.M.,
Fabrication and Modification of Polyvinylchloride-based
Nanofiltration Membrane by Using Sodium Dodecyl Sulfate as
Anionic Surfactant for Water Treatment, J. Pet. Res., 25, 61-71,
2015.

3. Hosseini S.M., Nemati M., and Rafiei N., Surface Modification
of Cation Exchange Membranes Using Chitosan-co-PANI/

Graphene Oxide Nanocomposite Layer, /ran. J. Polym. Sci.

(M S io o) Ak 0 Sisunl s rgalgan )3Ty Al 2 AELOGIL it gHlown T Mool g sl

Rt

B R Total (Rt)
B R Reversible (Rr)

20 A
B R Iireversible (Rir)

R (%)

M M

0 3

5l al slas Gl (K850 2 sl bl bl 4SS
Sl cwslie e Ol e S () M w45l

(Pvalue < +/+0) 0l slid o cud M, s S 8
Fig. 9. Investigation the fouling parameters for the pristine

based membrane and optimum modified sample.

L o (S50 Y sl b O sladsS3 s0 e g3l - 5o
4 u’<:'9)§fj’> J"l}—“ )-lL"“} Lawij}ﬁ Jlasl CL» Sk Lolea

S 5 doras

St S (S S i)y Y St 031

Technol. (Persian), 31, 435-446, 2018.

4. Hosseini S.M., Rahzani B., Asiani H., Khodabakhshi A.R.,
Hamidi A.R., Madaeni S.S., and Moghadassi A.R., and
Seidypoor A., Surface Modification of Heterogeneous Cation
Exchange Membranes Bysimultaneous Using Polymerization
of (acrylic acid-co-methyl methacrylate): Membrane
Characterization in Desalination Process, Desalination, 345,
13-20, 2014.

5. Mirzamohammadi M., Koudzari Farahani S., Parvizian F.,
and Hosseini S.M., Surface Modification of Nanofiltration
Membrane Using Polyvinyl Alcohol and Chitosan-

Functionalized Activated Carbon Nanoparticles, Ilran. J.

VEY (535370 0 )lass uinbgoms Ju posly 539I9iS5 9 pale yoke Almo o7y



10.

11.

12.

13.

14.

15.

16.

(1233 > o o) by 3 0 3wl b g lgan 33l ks Asly 34 L0 (Sl zehasss Mol g sl

Polym. Sci. Technol. (Persian), 34, 349-358, 2021.

Igwe J.C. and Abia A.A., Equilibrium Sorption Isotherm
Studies of Cd (II), Pb (II) and Zn (II) Ions Detoxification from
Waste Water Using Unmodified and EDTA-Modified Maize
Husk, Electronic J. Biotech., 10, 536-548,2007.

Lofrano G., Carotenuto M., Libralato G., Domingos R.F.,
Markus A., Dini L., Gautam R.K., Baldantoni D., Rossi M.,
and Sharma S.K., Polymer Functionalized Nanocomposites for
Metals Removal from Water and Wastewater: An Overview,
Water Res., 92, 22-37, 2016.

Suhag A., Gupta R., and Tiwari A., Biosorptive Removal of
Heavy Metals from Wastewater Using Duckweed, Int. J.
Biomed. Adv. Res., 2, 281-290, 2011.

Bandehali S., Moghadassi A.R., Parvizian F., Zhang Y.,
Hosseini S.M., and Shen J.N., New Mixed Matrix PEI
Nanofiltration Membrane Decorated by Glycidyl-Poss
Functionalized Graphene Oxide Nano Plates with Enhanced
Separation and Antifouling Behavior: Heavy Metal lons
Removal, Sep. Purif. Technol., 242, 116745, 2020.

Suhad A., Gupta R., and Tiwari A., Biosorptive Removal
of Heavy Metal Zinc from Synthetic Wastewater Using
Duckweed, Int. J. Biomed. Res., 2, 542-547,2011.

Verberk J., Post J., Van der Meer W., and Van Dijk J., Direct
Capillary Nanofiltration for Ground Water and Surface Water
Treatment, Water Sci. Technol., Water Supply, 2, 277-283,
2002.

Luo J., Ding L., Chen X., and Wan Y., Desalination of Soy
Sauce by Nanofiltration, Sep. Purif. Technol., 66, 429-437,
2009.

Du R.H. and Zhao J.S., Properties of Poly(N,N dimethyl
amino ethyl methac-rylate)/Poly Sulfone Positively Charged
Composite Nanofiltration Membrane, J. Membr: Sci., 239, 183-
188, 2004.

Ng, L.Y.,, Mohammad A.W. Leo C.P., and Hilal N,
Polymeric Membranes Incorporated with Metal/Metal Oxide
Nanoparticles: A Comprehensive Review, Desalination, 308,
15-33, 2013.

Chiang Y., Hsub Y., Ruaan R., Chuang C., and Tung K.,
Nanofiltration Membranes Synthesized from Hyperbranched
Polyethyleneimine, J. Membr: Sci., 326, 19-26, 2009.

Wang L., Boutilier M.S.H., Kidambi PR., Jang D,
Hadjiconstantinou N.G., and Karnik R., Fundamental Transport

Mechanisms, Fabrication and Potential Applications of

o7y

V&Y (53-)3T D o loshs atadsg o Jw posky (59955 9 pgle (oole alxo

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Nanoporous Atomically Thin Membranes, Nat. Nanotechnol.,
12, 509-522, 2017.

Somrani A., Hamzaoui A.H., and Pontie M., Study on Lithium
Separation from Salt Lake Brines by Nanofiltration (NF) and
Low-Pressure Reverse Osmosis (LPRO), Desalination, 317,
184-192, 2013.

Li X., Li J,, Fang X., Bakzhan K., Wang L., and Vander
Bruggen B., A Synergetic Analysis Method for Antifouling
Behavior Investigation on PES Ultrafiltration Membrane with
Self-Assembled TiO, Nanoparticles, J. Colloid Interface Sci.,
469, 164-176, 2016.

Rong G., Hua D., Cuihua L., Jianhong L., and Jing X., Effect
of Casting Solvent on the Morphology and Performance of
Sulfonated Polyether Sulfone Membranes., J. Membr. Sci.,
277, 148-156, 2006.

Tang C.Y., Kwon Y.N., and Leckie J.O., Probing the Nano-
and Micro-Scalesof Reverse Osmosis Membranes-A
Comprehensive Characterization of Physiochemical Properties
of Uncoated and Coated Membranes by XPS, TEM, ATR-
FTIR, and Streaming Potential Measurements, J. Membr. Sci.,
287, 146-156, 2007.

Xu G.R., Wang J.N., and Li C.J., Strategies for Improving the
Performance of the Polyamide Thin Film Composite (PA-TFC)
Reverse Osmosis (RO) Membranes: Surface Modifications
and Nanoparticles Incorporations, Desalination, 328, 83-100,
2013.

Bhattacharya A. and Misra B.N., Grafting: A Versatile Means
to Modifypolymers Techniques, Factors and Applications,
Prog. Polym. Sci., 29, 767-814, 2004.

Kochkodan V. and Hilal N., A Comprehensive Review
on Surface Modified Polymer Membranes for Biofouling
Mitigation, Desalination, 356, 187-207, 2015.

Vatanpour V., Madaeni S.S., Moradian R., Zinadini S., and
Astinchap B., Fabrication and Characterization of Novel
Antifouling  Nanofiltration Membrane Prepared from
Oxidized Multiwalled Carbon Nanotube/Polyethersulfone
Nanocomposite, J. Membr. Sci., 375, 284-294, 2011.

Wang Z.,Yu H., XiaJ., Zhang F., Li F., Xia Y., and Li Y., Novel
GO-Blended PVDF Ultrafiltration Membranes, Desalination,
299, 50-54,2012.

Ganesh B., Isloor A.M., and Ismail A.F., Enhanced
Hydrophilicity and Salt Rejection Study of Graphene Oxide-

Polysulfone Mixed Matrix Membrane, Desalination, 313, 199-



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Obled 9 pSme ylojs

207,2013.

Zinadini S., Zinatizadeh A.A., Rahimi M., Vatanpour V., and
Zangeneh H., Preparation of a Novel Antifouling Mixed Matrix
PES Membrane by Embedding Graphene Oxide Nanoplates, J.
Membr. Sci., 453, 292-301, 2014.

Bano S., Mahmood A., Kim S.J., and Lee K.H., Graphene
Oxide Modified Polyamide Nanofiltration Membrane with
Improved Flux and Antifouling Properties, J. Mat. Chem. 4, 3,
2065-2071, 2015.

Zhao D., YuY., and Chen J.P., Treatment of Lead Contaminated
Water by a PVDF Membrane that is Modified by Zirconium,
Phosphate and PVA, Water Res., 101, 564-573, 2016.
Shaabani N., Zinadini S., and Zinatizadeh A.A., Preparation and
Characterization of PES Nanofiltration Membrane Embedded
with Modified Graphene Oxide for Dye Removal from Algal
Wastewater, J. Appl. Res. Wastewater, 5, 407-410, 2018.
Bagheripour E., Moghadassi A.R, Hosseini S.M., Van der
Bruggen B., and Parvizian F., Novel Composite Graphene
Oxide/Chitosan Nanoplates Incorporated into PES Based
Nanofiltration Membrane: Chromium Removal and Antifouling
Enhancement, J. Ind. Eng. Chem., 62, 311-320, 2018.

Albeladi H.K., Al-Romaizan A.N., and Hussein M.A., Role of
Cross-linking Process on the Performance of PMMA, Int. J.
Biosens. Bioelectron, 3, 279-284,2017.

Sivakumar M., Mohanasundaram A., Mohan D., Balu K.,
and Rangarajan R., Modification of Cellulose Acetate:
Its Characterization and Application as an Ultrafiltration
Membrane, J. Appl. Polym. Sci., 67, 1939-1946, 1998.

Hamid N., Ismail A., Matsuura T., Zularisam A., Lau W.,
Yuliwati E., and Abdullah M., Morphological and Separation
Performance Study of Polysulfone/Titanium Dioxide (PSF/
TiO,) Ultrafiltration Membranes for Humic Acid Removal,
Desalination, 273, 85-92, 2011.

Vatanpour V., Madaeni S.S., Moradian R., Zinadini S.,
and Astinchap B., Novel Antibifouling Nanofiltration
Polyethersulfone Membrane Fabricated from Embedding TiO,
Coated Multiwalled Carbon Nanotubes, Sep. Purif. Technol.,
90 ,69-82, 2012.

Zhang Q., Fan L., Yang Z., Zhang R., Liu Y.N., He M., Su Y.,
and Jiang Z., Loose Nanofiltration Membrane for Dye/Salt
Separation through Interfacial Polymerization with in Situ
Generated TiO, Nanoparticles, Appl. Surf. Sci., 410, 494-504,
2017.

38.

39.

40.

41.

42.

43.

44,

45.

46.

&Y 53—)3T D o losds spaliudig o JUw posly $I919ISS 9 pole «sole dlxo

(M S io o) Ak 0 Sisunl s rgalgan )3Ty Al 2 AELOGIL it gHlown T Mool g sl

ShenL.,Bian X.,LuX.,ShiL.,LiuZ., Chen L., Hou Z., and Fan
K., Preparation and Characterization of ZnO/Polyethersulfone
(PES) Hybrid Membranes, Desalination, 293, 21-29, 2012.
Farrokhnia M., Rashidzadeh M., Safekordi A., and Khanbabaei
G., Fabrication and Evaluation of Nanocomposite Membranes
of Polyethersulfone/A-Alumina for Hydrogen Separation,
Iran. Polym. J., 24, 171-183, 2015.

Ghiggi F.F.,, Pollo L.D., Cardozo N.S., and Tessaro 1.C.,
Preparation and Characterization of Polyethersulfone/N-
Phthaloyl-Chitosan Ultrafiltration Membrane with Antifouling
Property, Eur: Polym. J., 92, 61-70, 2017.

Homayoonfal M., Akbari A., and Mehrnia M.R., Preparation
of Polysulfone Nanofiltration Membranes by UV-Assisted
Grafting Polymerization for Water Softening, Desalination,
263, 217-225,2010.

Shen J., Yu C.C., Ruan H.M., Gao C., and Van der Bruggen B.,
Preparation and Characterization of Thin-Film Nanocomposite
Embedded with Poly(methyl
Hydrophobic Modified Multiwalled Carbon Nanotubes by
Interfacial Polymerization, J. Membr. Sci., 442, 18-26, 2013.
Bagheripour E., Moghadassi A.R, S.M.,
Preparation of Mixed Matrix PES-Based Nanofiltration
Filled with PANI-co-MWCNT Composite
Nanoparticles, Korean J. Chem. Eng., 33, 1462-1471, 2016.
Mobarakabad P., Moghadassi A.R., and Hosseini S.M.,

Membranes methacrylate)

and Hosseini

Membrane

Fabrication and Characterization of Poly(phenylene ether-
ether sulfone) Based Nanofiltration Membranes Modified
by Titanium Dioxide Nanoparticles for Water Desalination,
Desalination, 365, 227-233, 2015.

Daraei P., Madaeni S.S., Salehi E., Ghaemi N., Ghari H.S.,
Khadivi M.A., and Rostami E., Novel Thin Film Composite
Membrane Fabricated by Mixed Matrix Nanoclay/Chitosan on
PVDF Microfiltration Support: Preparation, Characterization
and Performance in Dye Removal, J. Membr. Sci., 436, 97-108,
2013.

Vatanpour V., Madaeni S.S., Khatace A.R., Salehi E., Zinadini
S., and Monfared H.A., TiO, Embedded Mixed Matrix PES
Nanocomposite Membranes: Influence of Different Sizes
and Types of Nanoparticles on Antifouling and Performance,
Desalination, 292,19-29, 2012.

Belfer, S., Fainshtain R., Purinson Y., Gilron J., Nystrom M.,
and Manttari M., Modification of NF Membrane Properties by
in Situ Redox Initiated Graft Polymerization with Hydrophilic

07¢



47.

48.

49.

= (M )5 o ko) s 3l 0 SLiianl by g)gam 531 ks 4als 33 Ai8LOGIL (SLisé Zlows Z Mol g il

Monomers, J. Membr. Sci., 239, 55-64, 2004.

Hosseini S.M., Moradi F., Farahani S.K., Bandehali S.,
Parvizian F., Ebrahimi M., and Shen J.N., Carbon Nanofibers/
Chitosan Nanocomposite Thin Film for Surface Modification
of Poly(ether sulphone) Nanofiltration Membrane, Mater.
Chem. Phys., 124720, 2021.

Loépez M.S., Lee LP., Fouconnier B., and Serrano F.L.,
Polimerizacion en Emulsion de Estireno Utilizando SiO,, Rev.
Cienc. Tecnol., 37, 19-29, 2021.

Ghaemi N., Zereshki S., and Heidari S., Removal of Lead
Ions from Water Using PES-Based Nanocomposite Membrane
Incorporated with Polyaniline Modified GO Nanoparticles:
Performance Optimization by Central Composite Design,

Process Saf. Environ. Prot., 111, 475-490, 2017.

070

VY 63— )3T D o plouds spalinbig o JUw sl ($I919ISS 9 pole (pole dlzo

51.

52.

Najafpour M., Sohrabnejad S., Jiriaei Sharahi Z., Karami S.,
and Hosseini S.M., Fabrication of Bi-Layer Polyethersulfone
Based Nanofiltration Membrane by Use of Chitosan/Zeolite
Nanocomposite Layer, lran. J. Polym. Sci. Technol. (Persian),
36, 393-407, 2023.

Karami S., Jiriaei Sharahi Z., Koudzari Farahani S., Solhi S.,
and Hosseini S.M., Novel Thin-Film, Chitosan-Polyaniline
Nanofiltration Membrane Effectively Removes Toxic Heavy
Metals from Wastewaters, [ran. J. Toxic., 17, 105-116, 2023.
Hosseini S.M., Banijamali M.S., Farahani S.K., and Bandehali
S., Enhancing Antifouling and Separation Characteristics of
Carbon Nanofiber Embedded Polyether Sulfone Nanofiltration
Membrane, Korean J. Chem. Eng., 39, 2491-2498, 2022.



