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ABSTRACT 

A desalination plant consists of pretreatment and the main salt rejecting units. 
A pretreatment unit consists of ultrafiltration membranes for filtering organic matter 
from water. While the salt rejecting unit, the heart of desalination process, consists of 
reverse osmosis (RO) membranes. In this study, a potential membrane material to be 
used for pretreatment and desalting units in the desalination plant. Ultrafiltration 
polysulfone-based mixed matrix membranes (MMMs) incorporated with two-
dimensional boron nitride nanosheet (BNNS) were prepared via phase inversion 
method. The amount of BNNS incorporated was varied and the influence on 
membrane morphology, contact angle, surface charge, as well as water permeability 
and organic matter rejection were investigated. Results revealed that the addition of 
BN to the membrane matrix resulted in profound increase in water permeability 
(almost tripled to that of neat polysulfone membrane (PSf) , as increase from 50 
L/m2.h.bar for neat PSf to 110 L/m2.h.bar for PSf/BN 1.0%) and humic acid rejection 
due to the increase in pore size and surface negative charge (94% of humic acid 
rejection for PSf/BN 1.0%). Beyond the morphological changes imparted by the 
inclusion of BNNS, the presence of BNNS within the membrane matrix also 
contributed to the enhancement in flux and humic acid rejection based on surface-
slip and selective interlayer transport in the membrane. Despite the favourable 
augmentation of water transport and filtration performance, the MMMs suffered 
from fouling problem due to the entrapment of foulant within the enlarged pores and 
the membrane valleys. Inherent adsorptive character of BNNS could be a 
disadvantage when utilized as a membrane filler without proper modification. Next, 
raw BNNS and chemically activated BNNS (A-BN) were used as a nanofiller for the 
development of thin film nanocomposite (TFN) membrane. TFN membranes were 
synthesized via interfacial polymerization reaction between 1,3-Phenylendiamine 
(MPD) and trimesoyl chloride (TMC) monomer to form ultra-thin polyamide layer 
on PSf porous substrate. TFN membrane was responsible for desalination through 
RO process. Results showed that TFN membranes consisted of BNNS and A-BN as 
nanofillers have shown improvement in water permeability (33.9% higher than TFC 
membrane), with a minor loss in sodium chloride (NaCl) rejection (89.84% NaCl 
rejection for TFN-4). A comparative study with TFN membrane consisted of A-BN 
revealed a strong influence in improving water permeability with a minimal loss in 
salt rejection compared to TFN membrane with raw BNNS.  
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ABSTRAK 

Loji penyahgaraman terdiri daripada unit prarawatan dan unit penyahgaraman 
utama. Dalam unit prarawatan, ia terdiri daripada membran ultrapenapisan bertujuan 
untuk menyingkirkan bahan organik yang terdapat dalam air. Manakala unit 
penyahgaraman, proses penyahgaraman terdiri daripada membran osmosis balikan 
(RO). Dalam kajian ini, bahan membran berpotensi akan digunakan untuk unit 
prarawatan dan penyahgaraman dalam loji penyahgaraman. Membran matriks 
tercampur berasaskan ultrapenapisan polisulfona (MMMs) digabungkan dengan 
nanokepingan boron nitrida dua-dimensi (BNNS) disediakan melalui kaedah balikan 
fasa. Kandungan gabungan BNNS dipelbagaikan bagi mengkaji kesannya ke atas 
morfologi membran, sudut sentuh, caj permukaan, kebolehtelapan air dan penolakan 
bahan organik. Keputusan menunjukkan bahawa penambahan BN di dalam membran 
matrik mengakibatkan peningkatan kebolehtelapan air yang ketara (hampir tiga kali 
ganda daripada membran polisulfona (PSf) yang tulen, iaitu peningkatan daripada 50 
L/m2.h.bar untuk PSf tulen kepada 110 L/m2.h.bar untuk PSf/BN 1.0% ) dan 
penolakan asid humik disebabkan oleh peningkatan saiz liang dan caj negatif 
permukaan membran (94% penolakan asid humik untuk PSf/BN 1.0% ). Selain 
daripada perubahan morfologi permukaan yang disebabkan oleh kemasukan BNNS, 
kehadiran BNNS dalam membran matrik juga menyumbang kepada peningkatan 
fluks dan penolakan asid humik berdasarkan slip permukaan dan pengangkutan 
antara lapisan terpilih dalam membran. Walaupun terdapat peningkatan 
pengangkutan dan penapisan air yang menggalakkan, MMMs mengalami masalah 
pemendakan kotoran disebabkan oleh pemerangkapan kotoran dalam liang yang 
besar dan celah membran. Sifat penyerapan yang tinggi adalah penyebab kelemahan 
BNNS apabila digunakan sebagai pengisi membran tanpa pengubahsuaian yang betul. 
Seterusnya, BNNS dan pengaktifkan kimia BNNS (A-BN) digunakan sebagai 
pengisi nano untuk membina membran nanokomposit filem tipis (TFN). Membran 
TFN disintesis melalui tindak balas pempolimeran antara muka antara 1,3-
fenilendiamina (MPD) dan monomer trimesoil klorida (TMC) bagi membentuk 
lapisan poliamida ultra-nipis pada substrat berliang PSf. Membran TFN 
bertanggungjawab untuk penyahgaraman melalui kaedah RO. Keputusan 
menunjukkan bahawa membran TFN yang mempunyai BNNS dan A-BN sebagai 
nanopengisi telah menunjukkan peningkatan dalam kebolehtelapan air (33.9% lebih 
tinggi daripada membran TFC), dengan kehilangan kecil dalam penolakan  natrium 
klorida (NaCl) (89.84% penolakan NaCl untuk TFN-4). Kajian perbandingan dengan 
membran TFN yang terdiri daripada A-BN menunjukkan bahawa pengaruh yang 
kuat pada A-BN telah meningkatkan kebolehtelapan air dengan kehilangan minimum 
dalam penolakan garam berbanding dengan membran TFN dengan BNNS sahaja.  
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CHAPTER 1 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Research Background 

 

 

Globally, fresh water scarcity has become the main issue due to the increase 

of world demand. Human population is estimated to increase from 7 to 10 billion by 

2050. Without contaminant-free water, those disease-causing germs or chemicals 

will affect human health. Seawater desalination has the potential to become a 

solution for water shortage issue as seawater volume accounted for 98 % of water on 

Earth. Water desalination is a process that used to separate those dissolved ions and 

minerals from water (Sheikholeslami, 2009). 

 

 

To date, apart from membrane technology, there are various techniques to 

extract potable water from the seas such as boiling, distillation, in situ chemical 

oxidation, and gas hydrate crystal centrifuge method. Among all, membrane filtration 

is one of the most known methods and many people had done a lot of research 

regarding water purification by membrane filtration. It has been proved that 

membrane technology is a fast, liable, better removal of contaminants, high 

efficiency, low operating and production cost method (McCutcheon and Elimelech, 

2008).  

 

 

The development and implementation of membranes was traced back to 1748, 

where Jean-Antoine Nollet outlines the permeation of water through osmosis 

phenomenal by using a semipermeable membrane (Brazier, 2009). Nollet was the 
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first to coin the term “osmosis”. Traube and Pfeffer further discussed osmosis 

phenomenon in 1860. Their work led to the osmotic pressure relationship known as 

van’t Hoff (Singh, 2015). The term ultrafiltration has been introduced by Bechold in 

1906, which using filter papers that was impregnate with acetic acid collodion. 

Bechold has successfully synthesized the membranes with pore size smaller than 

0.01 µm. (Friedrich et al., 1981). Michaels (1968) further developed ultrafiltration 

membranes. Further in 1960, with the discovery of asymmetric membrane for 

desalination has opened door for UF membranes. The growth of UF membrane goes 

parallel with asymmetric membrane and begins to make in industrial scale membrane 

filtration.  

 

 

In the late of the 1940s, the idea of extracting pure water from salty water had 

been examined. Desalination of water through a semipermeable membrane was 

suggested by Hassler, Reid and Breton (1998). His team had developed the first 

reverse osmosis (RO) membrane systems in the 1950. They dissolved cellulose 

acetate polymer with appropriate acetyl content in acetone to synthesis a 

homogeneous cellulose acetate membrane (Malshe, 2008). In the early 1970s, 

desalination had come to a new era due to the development of new class membrane, 

thin-film composite (TFC) membrane for reverse osmosis. Cadotte and his 

teammates (1980) was the founder of the TFC membranes. They synthesized TFC 

membrane by deposit a thin layer of PA onto finely porous polysulfone membrane 

through interfacial polymerization reaction. TFC membrane fabricated by them 

showed high salt rejection with high flux.  

 

 

 Most of the present technologies have undergone a series of modifications to 

improve the effectiveness and so as membrane technology. Membrane technology is 

a separation process by using a semi permeable membrane to selectively permit 

substances across the membrane by pressure driven flow system. Up to the present, 

membrane technology has been used widely in a broad range of applications 

including RO plant.  
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 Up to now, RO has become the main desalting water technology as RO is the 

most energy-efficient technology. In a RO plant, membrane technology is the main 

component as increase in membrane selectivity results in enhancement of water 

quality (Yang et al., 2018). Most of the RO desalination plant consists of various 

components including feed intake, pretreatment, reverse osmosis, post-treatment and 

waste discharge. Membrane technology can be applied into the pretreatment and RO 

section. In the pretreatment section, it aids to remove those foulants mainly 

suspended solid and organic matter from the feed. Nowadays, UF has been used 

widely in pretreatment of water as UF is effective in removing those suspended solid 

and organic matter. Moreover, membrane filtration tends to provide a better quality 

of water compared to those conventional pretreatment methods (Kabsch-

Korbutowicz et al., 2006). In the RO system, the feed water flow through a 

semipermeable membrane by pressure driven flow and left over the dissolved salt. 

(Elimelech et al., 2011). The key properties that determine the membrane efficiency 

are the selectivity and flux of membrane. 

 

 

In a RO plant, UF as pretreatment technology has become the preferred 

choice due to the advancement provided by ultrafiltration technology. Nowadays, 

many of the RO systems are facing the same challenges in regard to RO membrane 

fouling and UF membranes as pretreatment tend to increase the fouling resistances of 

RO system. Natural organic matter (NOM) is one of the most found organic 

compounds in natural water resources and the main NOM component is attributed to 

humic substances. Humic substances presented in water bodies mainly consist of 

humic acid, fulvic acid and humin, which can affect the water quality (Mamba et al., 

2008). Hence, humic acid (HA) which often presented in the water bodies was 

chosen as the model pollutant for the evaluation of UF membrane filtration 

performance. For the RO membrane, NaCl solution was chosen as the feed solution 

to evaluate the performance of TFC and TFN membranes. 
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1.2 Problem Statement 

 

 

Membrane technology has proven its effectiveness in ultrafiltration 

pretreatment and desalination. However, most of the polymeric membrane 

constrained by the trade-off effect in between selectivity and permeability. In order 

to overcome the trade-off effect between selectivity and permeability, the integration 

of nanomaterials into membrane for the development of nanocomposite membrane 

has been identified as one of the solutions to increase the selectivity and permeation 

flow of membranes.  

 

 

The development of nanocomposite membrane needs to design to meet the 

specific requirement or specific water treatment application such as MF, UF, NF, RO 

and FO. The incorporation of nanomaterials into membrane tends to alter the 

structural and surface chemistry of membrane, which can aid to increase the 

performance of the membrane. However, the selection of nanomaterials is greatly 

depending on the type of feed used. Based on previous literatures, there are various 

types of nanomaterials been used as filler for the development of nanocomposite 

membranes. 

 

 

Based on previous literatures, diverse types of nanomaterials have been 

studied for the development of nanocomposite membranes and carbon based 

nanomaterials have hold enormous potential in water purification application (Goh et 

al., 2013; 2015). Another nanomaterial that has similar properties with carbon lattice 

nanoparticles such as CNT and graphene is BN. However, still little is known 

regarding the characteristics of boron nitride nanosheet (BNNS), a counterpart of 

graphene (Goldberg et al., 2010). BNNS possesses identical graphitic structure to 

that of graphite, where all carbons are fully substituted by boron and nitrogen atoms. 

Despite their structural similarities, in some aspects, graphene and BNNS show quite 

distinctive properties from each other. Carbon based materials such as graphene and 

graphene oxide have been proved that hold enormous potential in water purification 

applications (Ong et al., 2016). For instance, graphene may appear as black as coal, 
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while BNNS is white, hence the nickname “white graphene” (Lei et al., 2013).  BN 

nanomaterials are much more chemical and thermally robust than their carbon 

analogues (Goldberg et al., 2010). For instance, BN nanotubes (BNNTs) are highly 

resistance to oxidation and thermally stable up to 800 °C in contrast to carbon 

nanotubes (CNTs) which could not survive beyond 400 °C (Chen et al., 2004). 

 

 

The advantage and potential applications of BN have been explored through 

some theoretical studies and BN show potential in desalination application. In 2009, 

Hilder and his teammates stated that BNNT showed superior in water flow properties 

and 100% of salt rejection theoretically. Under comparison, BN is expected to be 

more efficient water purification than CNT. There is a need to further explore the 

potential of utilizing newly emerging BN nanoparticles in membrane desalination 

application. The science behind the performance improvement needs to be elucidated.  

 

 

Latest theoretical investigations also suggest that free-standing atomically 

thin BN membranes could efficiently reject heavy metal ions and salts for seawater 

desalination (Jafar et al., 2015; Gao et al., 2017). However, fabricating free standing 

BN membranes could impose a considerable challenge in terms of fabrication 

technique, reproducibility, and mechanical stability of the inorganic membrane. 

Preliminary attempt on exploring the applicability of BN nanomaterials for water 

filtration could be realized by preparing BN-based mixed matrix membranes 

(MMMs). The effects of BNNS on the membrane morphology and physico-chemical 

properties are presented. Finally, in depth discussion on the microstructural 

properties of BNNS and how it affects the selective permeation and water transport 

through BNNS MMMs are provided. A polymer composite is provided for water 

treatments and a nanocomposite membrane incorporated with BN nanoparticles, 

which is a new class of membranes fabricated by combining polymeric materials 

with nanomaterials. The advanced nanocomposite membrane can be designed to 

meet specific water treatment applications. 
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1.3 Objectives 

 

 

The objectives of this study are: 

 

1. To evaluate the water transport properties and humic acid rejection performance 

of boron nitride nanosheet mixed matrix membrane; 

 

2. To correlate the relationship of amine-activated boron nitride nanosheet thin film 

nanocomposite with permeation properties. 

 

 

 

 

1.4 Scope of Study 

 

 

In order to achieve the objectives mentioned above, the following scope of 

study was drawn: 

 

 

(i) Characterizing the boron nitride by X-ray diffraction (XRD), Brunauer, 

Emmett and Teller (BET), transmission electron microscopy (TEM). 

(ii) Formulating polymer dope solution comprised of polysulfone (PSf) (Udel 

Polysulfone P- 3500) with molecular weight of 34,500 g/mol from 

Amoco Chemical (USA), N-methyl-2-pyrrolodinone(NMP) (99.5%), 

Polyethylene glycol 400 (PEG 400). 

(iii) Preparing nanocomposite membranes with boron nitride contents ranging 

from 0. 5 wt % to 2.0 wt % using dry/wet phase inversion method. 

(iv) Fabricating porous polymeric substrate using dry/wet phase inversion 

method. 

(v) Activating the boron nitride chemically. 

(vi) Characterizing the boron nitride by X-ray diffraction (XRD) and 

transmission electron microscopy (TEM). 
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(vii) Preparing nanocomposite membranes with various boron nitride contents 

(0.5%) using dry/wet phase inversion method and incorporating both 

types of boron nitride into the polyamide layer of membrane. 

(viii) Characterizing the membranes using scanning electron microscopy 

(SEM), Fourier transform infrared spectroscopy (FTIR), atomic-force 

microscopy (AFM), contact angle, zeta potential. 

(ix) Evaluating the water permeation and separation properties of the 

fabricated membranes using pure water, humic acid solution and sodium 

chloride solution. 

 

 

 

 

1.5 Significance of the Study 

 

 

 The roles of h-BN as filler in affecting the water permeation properties of the 

MMMs are discussed. MMMs with different h-BN loading are incorporated into flat 

sheet membrane. The effects of various h-BN loading on membrane morphology 

were identified. The work seeks for the optimum h-BN loading in MMMs and 

possesses attractive permeance and selectivity. Next, chemical activation of h-BN 

was studied and incorporated into the TFC membrane. At the end of the study, the 

overview performance of TFN membranes was studied. The permeation and 

rejection properties of h-BN TFN membrane and activated-BN TFN membrane were 

compared. The project’s goal is designed to identify the potential and functionality of 

h-BN as filler in membrane technology. 

 



 

77 

 

REFERENCES 

 

 

 

Abhinav, K., Nair, P. M., Shalin and Jagadeesh, B. (2015). Performance 

 enhancement of polysulfone ultrafiltration membrane using TiO2 nanofibers. 

 Desalination and Water Treatment, 57(23): 10506-10514. 

American Membrane Technology Association. (2016). Water Desalination Processes.

 [Online]Available at:

 http://www.amtaorg.com/Water_Desalination_Processes.html 

Amin, M., Abbas, N. S., Hussain, M. A., Edgar, K. J., Tahir, M. N., Tremel, W. and

 Sher, M. (2015). Cellulose Ether Derivatives: A New Platform for Prodrug

 Formation of Fluoroquinolone Antibiotics. Cellulose, 22, 2011–2022. 

Arthanareeswaran, G. and Kumar, S. A. (2010) Effect of Additives Concentration on

 Performance of Cellulose Acetate and Polyethersulfone Blend Membrane.

 Journal of Porous Material, 17(5), 515-522. 

Azamat, J., Sardroodi, J. J. and Rastkar. (2015). Molecular dynamic simulation of

 ion separation and water transport through boron nitride nanotubes.

 Desalination and Water Treatment, (56): 1090-1098. 

Berman, T. and Chava, S. Algal growth on organic compounds as nitrogen sources.

 Journal of Plankton Research, 1999. 21(8), 1423-1437. 

Bouville, F., and Deville, S. (2014). Dispersion of Boron Nitride Powders in

 Aqueous Suspensions with Cellulose. J. Am. Ceram. Soc. , 1–5. 

Brazier, M. A. B. (2009). The Abbe Nollet (1700-1770): The beginnings of

 electrotherapy. Journal of the History of the Neurosciences, 2: 53-64. 

Buros, O. K. The ABCs of Desalting. International Desalination Association; 2000. 

Cadotte, J. E., Petersen, R. J., Larson, R. E., Erickson, E. E. (1980). A new thin-film

 composite seawater reverse osmosis membrane. Desalination, 32: 25-31. 

Celik, E., Park, H., Choi, H. and Choi, H. (2011). Carbon nanotube blended

 polyethersulfone membranes for fouling control in water treatment. Water

 Research, 45: 274-282. 

Chai, P. V., Mahmoudi, E., Teow, Y. H. and Mohammad, A. W. (2017). Preparation

 of novel polysulfone-Fe3O4/GO mixed-matrix membrane for humic acid

 rejection. Journal of Water Process Engineering, 15: 83-88. 



 

78 

 

Chen, Y.; Zou, J., Campbell, S. J., and Caer, G. L. (2004). Boron Nitride Nanotubes:

 Pronounced Resistance to Oxidation. Appl. Phys. Lett,. 84: 2430–2432. 

Choi, W., Jeon, S., Kwon, S. J., Park, H., Park, Y., Nam, S., Lee, P. S., Lee, J. S.,

 Choi, J., Hong, S., Chan, E. P., & Lee, J. H. (2017). Thin film composite

 reverse osmosis membranes prepared via layered interfacial polymerization.

 Journal of Membrane Science, 527: 121-128. 

Chu, K. H., Huang, Y., Yu, M., Heo, J., Joseph, R. V. F., Jang, A., Jang, M., Jung, C.,

 Park, C. M., Kim, D., and Yoon, Y. (2017). Evaluation of graphene oxide-

 coated ultrafiltration membranes for humic acid removal at different pH

 and conductivity conditions. Separation and Purification Technology, 181:

 139-147. 

Das, R., Ali, M. E., Hamid, S. B. A., Ramakrishna, S. and Chowdhury, Z. Z. (2014).

 Carbon Nanotube Membranes for Water Purification: A Bright Future in

 Water Desalination. Desalination, 336: 97-109. 

De Roever, E. W. F., and Huisman, I. H. (2007). Microscopy as a tool for analysis of

 membrane failure and fouling. Desalination, 207(1-3), 35–44.  

Ding, Z., L, X., Liu, Y. and Zhang, L. (2016) Enhancing the Compatibility,

 Hydrophilicity and Mechanical Properties of Polysulfone Ultrafiltration

 Membranes with Lignocellulose Nanofibrils. Polymers, 8(10), 1-18. 

Dlamini, D. S., Mamba, B. B., & Li, J. (2018). The role of nanoparticles in the

 performance of nano-enabled composite membranes – A critical scientific

 perspective. Science of The Total Environment, 656: 723-731. 

Dolati, S., Fereidoon, A. and Kashyzadeh, K. R. (2012). A Comparison Study

 Between Boron Nitride Nanotubes and Carbon Nanotubes. International

 Journal of Emerging Technology and Advanced Engineering, 2(10): 470-474. 

El-Dessouky, H. T., and Ettouney, H. M. (2002). Fundamentals of Salt Water

 Desalination. Amsterdam, Netherlands: Elsevier. 

Elimelech, M., and Phillip, W. A. (2011). The Future of Seawater Desalination:

 Energy, Technology, and the Environment. Science, 333(6043): 712–717. 

Falin, A., Cai, Q., Santos, E. J. G., Scullion, D., Qian, D., Zhang, R., Yang Z., Huang

 S., Watanabe, K., Taniguchi, T., Barnett, M. R., Chen, Y., Ruoff, R. S., and 

 Li, L. H. (2017). Mechanical properties of atomically thin boron nitride and

 the role of interlayer interactions. Nature Communications, 15815 

 doi:10.1038/ncomms15815. 



 

79 

 

Freyberg, T. (2013). Thermal Desalination won’t be Killed Off by RO Membranes,

 Say IDE Technologies. Water World, [online] Available at:

 http://www.waterworld.com/articles/2013/06/thermal-desalination-wont-be- 

 killed-off-by-ro-membranes-says-ide.html 

Friedrich, C., Driancourt, A., Noel, C., and Monnerie, L. (1981). Asymmetric reverse

 osmosis and ultrafiltration membranes prepared from sulfonated polysulfone.

 Desalination, 36(1), 39-62. 

Gao, H., Shi, Q., Rao D., Zhang, Y., Su, J., Liu, Y., Wang, Y., Deng, K., and Lu, R.

 (2017). Rational Design and Strain Engineering of Nanoporous Boron Nitride

 Nanosheet Membranes for Water Desalination. Journal of Physical 

 Chemistry C, 121: 22105–22113. 

Garnier, L., Szymczyk, A., Malfreyt, P., & Ghoufi, A. (2016). Physics behind Water

 Transport through Nanoporous Boron Nitride and Graphene. Journal of 

 Physical Chemistry Letters 7: 3371−3376. 

Gautam, S. P., Bundela, P. S., Pandey, A. K., Awasthi, M., and Sarsaiya, S. (2010).

 Effect of different carbon sources on production of cellulases by Aspergillus

 niger. Journal of Applied Science in Environmental Sanitation, 5(3): 295-300. 

Ghaffour, N., Missimer, .M. T., and Amy, G. L. (2013). Technical review and

 evaluation of the economics of water desalination: Current and future

 challenges for better water supply sustainability. Desalination, 309: 192-207. 

Ghanbari, M., Emadzadeh, D., Lau, W. J., Lai, S. O., Matsuura, T., and Ismail, A. F.

 (2014). Synthesis and characterization of novel thin film nanocomposite

 (TFN) membranes embedded with halloysite nanotubes (HNTs) for water

 desalination. Desalination, 358: 33-41. 

Ghosh, A. K. and Eric, M. V. H. (2009). Impacts of support membrane structure and

 chemistry on polyamide-polysulfone interfacial composite membranes.

 Journal of Membrane Science, 336(1-2): 140-148. 

Goh, P. S., Ismail, A. F. and Ng, B. C. (2013). Carbon Nanotubes for Desalination:

 Performance Evaluation and Current Hurdles. Desalination, 308: 2-14. 

Goh, P. S. and Ismail, A. F. (2015). Graphene-based Nanomaterial: The State of the

 Art Material for Cutting Edge Desalination Technology. Desalination, 356:

 115-128. 



 

80 

 

Goldberg, D., Bando, Y., Huang, Y., Terao, T., Mitome, M. and  Tang, C. (2010).

 Boron Nitride Nanotubes and Nanosheets. American Chemical Society, 4(6):

 2979-2993. 

Greenlee, L. F., Lawler, D. F., Freeman, B. D., Marrot, B. and Moulin, P. (2009)

 Reverse osmosis desalination: Water sources, technology, and today’s

 challenges. Water Research, 43(9): 2317-2348. 

Hilder, T. A., Gordon, D. and Chung, S. H. (2009). Salt Rejection and Water 

 Transport Through Boron Nitride Nanotubes. Small Journal, 5(19): 2183-

 2190. 

Hu, M., and Mi, B. (2013). Enabling Graphene Oxide Nanosheets as Water

 Separation Membranes. Environmental. Science Technology. 47: 3715−3723. 

Huang, H. and Yang, S. (2006). Filtration Characteristics of Polysulfone Membrane

 Filters. Aerosol Science, 37: 1198-1208. 

Hussain, C. M. & Mishra, A. K. (2018). New Polymer Nanocomposites for

 Environmental Remediation. Amsterdam: Elsevier. 

Ide, Y., Liu, F., Zhang, J., Kawamoto, N., Komaguchi, K., Bando, Y., & Golberg, D.

 (2014). Hybridization of Au nanoparticle loaded TiO2 with BN nanosheets 

 for efficient solar-driven photocatalysis. Journal of Material Chemistry A,

 2(12): 4150-4156. 

Isik, M., Sardon, H. and Mecerreyes, D. (2014). Ionic Liquids and Cellulose:

 Dissolution, Chemical Modification and Preparation of New Cellulosic

 Materials. International Journal of Molecular Sciences, 15: 11922-11940. 

Jafar, A., Batoul, S. S., Alireza, K., and Sang, W. J. Removal of a hazardous heavy

 metal from aqueous solution using functionalized graphene and boron nitride

 nanosheets: Insights from simulations. Journal of Molecular Graphics and

 Modelling, 61(2015): 3–20. 

Joo, Y., Jeon, Y., Lee, S. U., Sim, J. H., Ryu, J., Lee, S., Lee, H. and Sohn, D. (2012).

 Aggregation and stabilization of carboxylic acid functionalized halloysite

 nanotubes (HNT-COOH). Journal of Physical Chemistry C, 116(34):

 18230-18235. 

Kabsch-Korbutowicz, M., Bilyk, A., and Molczan, M. (2006). The effect of feed

 water pretreatment on ultrafiltration membrane performance. Polish Journal

  of Environmental Studies, 15(5): 719-725. 



 

81 

 

Khorshidi. B., Thundat, T., Fleck, B. A., & Sadrzadeh, M. (2015). Thin film

 composite polyamide membranes: parameric study on the influence of

 synthesis conditions. Royal Society of Chemistry, 5(68): 54985-54997. 

Kim, K. S., Lee, K. H., Cho, K., and Park, C. E. (2002). Surface modification of

 polysulfone ultrafiltration membrane by oxygen plasma treatment. Journal of

 Membrane Science, 199: 135-145. 

Kruger, R. (2005). Ultrafiltration Pretreatment in a Large Seawater Desalination

 Plant in the Arabic Gulf. [online] Available at:

 http://www.waterworld.com/articles/mem/articles/print/volume-3/issue  

 -1/features/ultrafiltration-pretreatment.html 

Lai, G.S., Lau, W. J., Goh, P. S., Ismail, A. F., Yusof, N., and Tan, Y. H. (2016).

 Graphene oxide incorporated thin film nanocomposite nanofiltration 

membrane for enhanced salt removal performance. Desalination, 387: 14-24. 

Lalia, B. S., Kochkodan, V., Hashaikeh, R., and Hilal, N. (2013). A review on

 membrane fabrication: Structure, properties and performance relationship.

 Desalination, 326: 77-95.  

Lau, W. J., Ismail, A. F., Misdan, N., & Kassim, M. A. (2012). A recent progress in

 thin film composite membrane: A review. Desalination, 287: 190-199. 

Lau, W. J., Goh, P. S., Ismal, A. F. and Lai, S. O. (2014). Ultrafiltration as a

 pretreatment for seawater desalination: A review. Membrane Water 

 Treatment, 5(1): 15-29. 

Lau, W. J., Ismail, A. F., Goh, P. S., Hilal, N., & Ooi, B. S. (2014). Characterization

 methods of thin film composite nanofiltration membranes. Separation &

 Purification, 44(2): 135-156. 

 Lawrence, K. W., Paul, C. J., Hung, Y. T. and Shammas, N. K. (2010). Membrane

 and Desalination Technologies. NY, US: Springer Science. 

Lei, W. W., Portehault, D., Liu, D., Qin, S. and Chen, Y. (2013). Porous Boron

 Nitride Nanosheets for Effective Water Cleaning. Nature Communications,

 1777: 1-7. 

Lekshmi, K. P. V., Yesodharan, S. and Yesodharan, E. P. (2018). MnO2 efficiently

 removes indigo carmine dyes from polluted water. Heliyon, 4: 1-52. 

Li, H. and Zeng, X. C. (2012). Wetting and Interfacial Properties of Water

 Nanodroplets in Contact with Graphene and Monolayer Boron Nitride Sheets.

 ACS Nano, 6: 2401–2409. 



 

82 

 

Li, X., Wang, K. Y., Helmer, B. and Chung, T. S. (2012). Thin-film Composite

 Membranes and Formation Mechanism of Thin-film Layers on Hydraulic

 Cellulose Acetate Propionate Substrates for Forward Osmosis Processes.

 Industrial & Engineering Chemistry Research, 51: 10039-10050. 

Li, J., Lin, J., Xu, X., Zhang, X., Xue, Y., Mi, J., Mo, Z., Fan, Y., Hu, L., Yang, X.,

 Zhang, J., Meng, F., Yuan, S. and Tang, C. (2013). Porous boron nitride with 

 a high surface area: Hydrogen storage and water treatment. Nanotechnology,

 24:1-7. 

Li, J., Huang, Y., Liu, Z., Zhang, J., Liu, X., Luo, H., Ma, Y., Xu, X., Lu, Y., Lin, J.,

 & Zou, J. (2015). Chemical activation of boron nitride fibers for improved

 cationic dye removal performance. Journal of Materials Chemistry A, 3:

 8195-8193. 

Liu, L., Shen, Z., Zheng, Y., Yi, M., Zhang, X. and Ma, S. (2014). Boron Nitride

 Nanosheets with Controlled Size and Thickness for Enhancing Mechanical

 Properties and Atomic Oxygen Resistance. Royal Society of Chemistry, 4:

 37726-37732. 

Ludovic, G., Anthony, S., Patrice, M., and Aziz, G. (2016). Physics behind Water

 Transport through Nanoporous Boron Nitride and Graphene. J. Phys. Chem.

 Lett, 7: 3371−3376. 

Mahvash, F., Eissa, S., Bordjiba, T., Tavares, A. C., Szkopek, T., and Siaj, M.(2017).

 Corrosion resistance of monolayer hexagonal boron nitride on copper.

 Scientific Reports 7, 42139: 1–5. 

Malshe, V. C. (2008). Basics of Paint Technology Part II. Mumbai, Indian: Sevak

 Printers. 

Mamba, B.B., Krause, R. W., Malefetse, T. J., Sithole, S. P., and Nkambule, TI.

 (2009). Humic acid as a model for natural organic matter (NOM) in the

 removal of odorants from water by cyclodextrin polyurethanes.Water

 SA,35(1), 117-120. 

Marshall, W. L. & Slusher, R. (1968). Aqueous system at high temperature.

 Solubility to 200. degree. of calcium sulfate and its hydrates in sea water and

 saline water concentrates, and temperature-concentration limits. Journal of

 Chemical & Enigneering Data, 13(1), 83-93. 



 

83 

 

McCutcheon, J. R. and Elimelech, M. (2008). Influence of Membrane Support Layer

 Hydrophobicity on Water Flux in Osmotically Driven Membrane Processes.

 Journal of Membrane Science, 318: 458-466. 

Misdan, N., Lau, W. J. and Ismail, A. F. (2012). Seawater Reverse Osmosis (SWRO)

 desalination by thin-film composite membrane-Current development,

 challenges and future prospects. Desalination, 287: 228-237. 

Mobarakabad, P., Moghadassi, A. R. and Hosseini, S. M. (2015). Fabrication and

 characterization of poly(phenylene ether-ether sulfone) based nanofiltration

 membranes modified by titanium dioxide nanoparticles for water desalination.

 Desalination, 365: 227-233. 

Mulder, M. (1996). Basic Principles of Membrane Technology. Enschede, 

 Netherlands: Kluwer Academic Publishers. 

Nair, R. R., Wu, H. A., Jayaram, P. N., Grigorieva, I. V., and Geim, A. K. (2012).

 Unimpeded Permeation of Water Through Helium-Leak–Tight Graphene

 Based Membranes. Science, 335: 442-444. 

Nunes, S. P. and Peinemann, K. V. Membrane technology (2nd ed.). Weinheim,

 Germany: Wiley-VCH; 2006. 

Ong, C. S., Goh, P. S., Lau, W. J., Misdan, N., and Ismail, A. F. (2016)

 Nanomaterials for biofouling and scaling mitigation of thin film composite

 membrane: A review. Desalination, 393: 2-15. 

Pereira, V. R., Isloor, A. M., Zulhairun, A. K., Subramaniam, M. N., Lau, W. J. and

 Ismail, A. F. (2016). Preparation of polysulfone-based PANI–TiO2

 nanocomposite hollow fiber membranes for industrial dye rejection

 applications. RSC Advances, 6: 99764-99773. 

Pielichowski, K. and Majka, T. M. (2019). Polymer composites with functionalized

 nanoparticles: Synthesis, properties and applications. Polymer Composites

 Containing Functionalized Nanoparticles and the Environemnt. Amsterdam,

 Netherlands: Elsevier. 

Rafiee, M. A., Narayanan, T. N., Hashim, D. P., Sakhavand, N., Shahsavari,

 R.,Vajtai, R. and Ajayan, P. M. (2013). Hexagonal boron nitride and graphite

 oxide reinforced multifunctional porous cement composites. Advanced

 Functional Materials, 23: 5624-5630. 

 



 

84 

 

Radha, B., Esfandiar, A., Wang, F. C., Rooney, A. P., Gopinadhan, K., Keerthi, A.,

 Mishchenko, A., Janardanan, A., Blake, P., Fumagalli, L., Lozada-Hidalgo,

 M., Garaj, S., Haigh, S. J., Grigoreva, I, V., Wu, H. A., and Geim, A. K.

 (2016). Molecular transport through capillaries made with atomic-scale 

 precision.Nature, 538: 222-225. 

Rajesh, S., Senthilkumar, S., Jayalakshmi, A., Nirmala, M. T., Ismail, A. F. and

 Mohan, D. (2013). Preparation and performance evaluation of poly (amide

 imide) and TiO2 nanoparticles impregnated polysulfone nanofiltration

 membranes in the removal of humic substances. Colloids and Surfaces

 A:Physiochemical and Engineering Aspects, 418: 92-104. 

Ryan, A. J. (2002). Polymer Science: Designer Polymer Blends. Nature Materials, 1:

 8-10. 

Saleh, T. A. and Gupta, V. K. (2016). Nanomaterial and Polymer Membranes:

 Synthesis, Characterization, and Application. Amsterdam, Netherlands:

 Elsevier. 

Shahbabaei, M. and Kim, D. (2017). Molecular Dynamics Simulation of Transport

 Mechanisms through Nanoporous Boron Nitride and Graphene Multilayers.

 Journal of Physical Chemistry B, 121: 4137–4144. 

Sheikholeslami, R. (2009). Strategies for future research and development in

 desalination-Challenges ahead. Desalination. 248: 218-224. 

Shuaibu, A., Adeyemi, O. J., Ushiekpan, U. R., Olowomofe, O. G., Akinade, B. J., &

 Kafayat, O. A. (2019). First principle study of structural, elastic and

 electronic properties of hexagonal boron nitride (hex-BN) single layer.

 American Journal of Condensed Matter Physics, 9(1), 1-5. 

Sikder, J., Pereira, C., Palchoudhury, S., Vohra, K., Basumatary, D. and Pal, P.

 (2009). Synthesis and Characterization of Cellulose Acetate-Polysulfone

 Blend Microfiltration Membrane for Separation of Microbial Cells from 

Lactic Acid Fermentation Broth. Desalination, 249: 802-808. 

Singh, R. (2015). Membrane Technology and Engineering for Water Purification:

 Application, Systems Design and Operation. 2nd ed. United Kingdom:

 Butterworth-Heinemann. 

Singla, P., Goel, N., Kumar, V., and Singhal, S. (2015). Boron nitride nanomaterials

 with different morphologies: Synthesis, characterization and efficient

 application in dye adsorption. Ceramics International, 41: 10565–10577. 



 

85 

 

Sivakumar, M., Mohan, D. R., Rangarajam, R. and Tsujita, Y. (2005). Studies on

 Cellulose Acetate-Polysulfone Ultrafiltration Membranes: I. Effect of 

Polymer Composition. Polymer International, 54: 956-962.  

Sivakumar, M., Susithra, L., Mohan, D. R. and Rangarajan, R. (2006). Preparation

 and Performance of Polysulfone‐Cellulose Acetate Blend Ultrafiltration

 Membrane. Journal of Macromolecular Science, Part A: Pure and Applied

 Chemistry, 43: 1541-1551. 

Song, Y., Sun, P., Henry, L. L. and Sun, B. (2005). Mechanisms of structure and 

 performance controlled thin film composite membrane formation via 

 interfacial polymerization process. Journal of Membrane Science, 251(1-2):

 67-79. 

Taurozzi, J. S., Arul, H., Bosak, V. Z., Burban, A. F., Voice, T. C., Bruening, M. L.

 and Tarabara, V. V. (2008) Effect of Filler Incorporation Route on the

 Properties of Polysulfone-Silver Nanocomposite Membranes of Different

 Porosities. Journal of Membrane Science, 325: 58-68. 

Thines, R. K., Mubarak, N. M., Nizamuddin, S., Sahu, J. N., Abdullah, E. C. and

 Ganesan, P. (2017). Application potential of carbon nanomaterials in water

 and wastewater treatment: A review. Journal of Taiwan Institute of Chemical

 Engineers, 72: 116-133. 

Upadhyayula, V. K. K., Deng, S., Mitchell, M. C. and Smith, G. B. (2009).

 Application of Carbon Nanotube Technology for Removal of Contaminants

 in Drinking Water: A Review. Science of the Total Environment, 408:1-13. 

Wan Azelee, I., Goh, P. S., Lau, W. J., Ismail, A. F., Rezaei-DashtArzhandi, M.,

 Wong, K. C., and Subramaniam, M. N. (2017). Enhanced desalination of

 polyamide thin film nanocomposite incorporated with acid treated

 multiwalled carbon nanotube-titania nanotube hybrid. Desalination, 409:

 163-170. 

Wang, J., Ma, F., Sun, M. (2017). Graphene, hexagonal boron nitride, and their

 heterostructures: properties and applications.The Royal Society of Chemistry,

 7: 6801-16822. 

 

 



 

86 

 

Weber, M., Koonkaew, B., Balme, S., Utke, I., Picaud, F., Iatsunskyi, I., Coy, E.,

 Miele, P. and Belchelany, M. (2017). Boron nitride nanoporous membranes

 with high surface charge by atomic layer deposition. Applied Materials &

 Interfaces, 9: 16669-16678. 

Weng, Q., Wang, X., wang, X., Bando, Y., and Golberg, D. (2016). Functionalized

 hexagonal boron nitride nanomaterials: emerging properties and applications.

 Royal Society of Chemistry, 45: 3989-4012. 

Wojciechowska, P., Foltynowicz, Z., and Nowicki, M. (2012). Synthesis and

 Characterisation of Modified Cellulose Acetate Propionate Nanocomposites

 via Sol-Gel Process. Journal of Spectroscopy, 2013: 1-8. 

Wittbecker, E. L. and Morgan, P. W. (1959). Interfacial Polycondensation. I. Journal

 of Polymer Science, 40: 289-297. 

Xue, L., Lu, B., Wu, Z., Ge, C., Wang, P., Zhang, R. and Zhang, X. (2014).

 Synthesis of mesoporous hexagonal boron nitride fibers with high surface 

 area for efficient removal of organic pollutants. The Chemical Engineering

 Journal, 243:494-499. 

Yang, Z., Ma, X.-H., & Tang, C. Y. (2018). Recent development of novel

 membranes for desalination. Desalination, 434: 37–59.  

You, S. H., and Wu, C. T. (2013). Fouling removal of UF membrane with coated

 TiO2 nanoparticles under UV irradiation for effluent recovery during TFT 

LCD manufacturing. International Journal of Photoenergy, 650281: 1-8. 

Zhang, J., Zhang, Y., Chen, Y., Du, L., Zhang, B., Zhang, H., Liu, J. and Wang, K.

 (2012). Preparation and characterization of novel polyethersulfone hybrid

 ultrafiltration membranes bending with modified halloysite nanotubes loaded

 with silver nanoparticles. Industrial Chemical Engineering, 51: 3081-3090. 

Zhong, J., Zhao, Y., Li, L., Francisco, J. S., & Zheng, X. C. (2015). Interaction of

 NH2 radical with the surface of a water droplet. Journal of The American

 Chemical Society, 137(37): 12070-12078. 

Zulhairun, A. K. and Ismail, A. F. (2014). The role of layered silicate loadings and

 their dispersion states on the gas separation performance of mixed matrix

 membrane. Journal of Membrane Science, 468: 20–30.  

Zulhairun, A. K., Goh, P. S., & Ismail, A. F. (2018). Nanocomposite Membranes for

 Heavy Metal Removal from Wastewater. In Hussain , C. M. & Mishra, A. K.

 (Ed.), Nanocomposites for Pollution Control, 361-402.  


	38f8091ea55bc7576104e894bac15272ce392ee534c6b537481395ce97e5914f.pdf
	38f8091ea55bc7576104e894bac15272ce392ee534c6b537481395ce97e5914f.pdf
	38f8091ea55bc7576104e894bac15272ce392ee534c6b537481395ce97e5914f.pdf
	38f8091ea55bc7576104e894bac15272ce392ee534c6b537481395ce97e5914f.pdf
	38f8091ea55bc7576104e894bac15272ce392ee534c6b537481395ce97e5914f.pdf
	38f8091ea55bc7576104e894bac15272ce392ee534c6b537481395ce97e5914f.pdf



