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ABSTRACT   

The  incorpora�on  of  nanopar�cles  in  a  polymer  membrane  has  been  recognised  as  an               

effec�ve  strategy  to  improve  the  membrane  performance  in  water  processing.  However,  the              

leaching  of  nanopar�cles  from  the  membrane  is  poten�ally  a  concern  as  it  may  lead  to  the                  

change  of  membrane  proper�es  and  contamina�on  of  treated  water.  In  this  work,              

2,2,6,6-tetramethylpiperidine-1-oxyl  radical  (TEMPO)-oxidized  cellulose  nanofibers  (CNFs)        

were  for  the  first  �me  incorporated  into  the  polyamide  layer  of  thin  film  composite  (TFC)                 

reverse  osmosis  (RO)  membrane  during  interfacial  polymeriza�on  to  improve  its  membrane             

performance.  CNFs  are  made  from  renewable  and  sustainable  resources  and  and  they  are               
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non-toxic  and  environmentally  friendly.  The  op�mal  loading  of  CNFs  within  the  TFC              

membrane  enhanced  the  permeance  of  the  fabricated  membranes  by  more  than  50%  (29.8               

L  m -2   h -1  at  opera�ng  pressure  of  1.5  MPa),  whilst  retaining  high  NaCl  rejec�on  at  96.2%.                  

Chlorine  stability  test  results  indicated  that  the  nanocomposite  membranes  showed  be�er             

chlorine  resistance  performance  than  bare  TFC  membranes.  This  work  successfully            

demonstrated  the  poten�al  use  of  CNFs  as  a  low  cost  and  non-toxic  filler  to  improve  the                  

performance   of   RO   membranes   for   water   desalina�on.     

Keywords:  Reverse  osmosis,  Cellulose  nanofiber,  Thin  film  composite  membrane,           

Hydrophicility.   

1.   Introduc�on   

    With  increasing  popula�on,  rapid  industrializa�on  and  climate  change,  the  lack  of              

adequate  and  safe  water  remains  one  of  the  most  pressing  challenges  of  our  �me  [1,  2].                  

Extensive  research  has  been  devoted  to  solving  this,  including  the  development  of              

advanced  separa�on  materials  and  energy-efficient  membrane  separa�on  technologies  for           

water  purifica�on.  In  par�cular,  reverse  osmosis  (RO)  membrane  technology  has  become             

one   of   the   key   solu�ons   to   extrac�ng   freshwater   from   seawater   [3-5].   

 Although  significant  improvements  have  been  made  over  the  past  decades  to  improve  the                

performance  of  TFC  membrane,  current  TFC  membranes  con�nue  to  suffer  from  issues  such               

as  the  high  energy  requirements  and  poor  chlorine  resistance,  which  results  in  the               

degrada�on  of  membrane  integrity  and  thus  a  decrease  of  membrane  service  life  [5,  6].               

Therefore,  many  strategies  have  been  adopted  to  enhance  the  stability  and  performance  of              

RO  membranes  [7-9].  Among  these  approaches,  blending  of  hydrophilic  nanopar�cles  into             

the  polyamide  layer  to  enhance  the  membrane  proper�es  and  performance  has  made              
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significant  progress  [10].  The  loading  of  nanopar�cles  in  a  membrane  matrix  enhances  the               

surface  proper�es  of  TFC  membranes  including  the  membrane  surface  charge  density,             

hydrophilicity  and  surface  roughness,  leading  to  membrane  performance  improvement  such            

as  enhanced  water  permeability,  salt  rejec�on  and  chlorine  resistance  [5,  7,  10].  Examples  of                

blending  nanopar�cles  includes  zeolite  [11,  12],  Ag  [13],  SiO 2   [14],  TiO 2  [15],  Al 2 O 3   [16],                

metal−organic  frameworks  [17],  covalent  organic  frameworks  [18],  carbon  nanotubes  (CNTs)            

[19],  and  graphene  oxide  (GO)  [20,  21].  However,  possible  leaching  of  such  nanopar�cles               

from  the  membranes  has  raised  health  and  safety  concerns[22].  Previous  studies  showed              

  that  silver  nanopar�cles  and  CNTs  present  cytotoxicity  to  human  and  animal  cells  [23-25].  In                

view  of  this,  environmentally  friendly  and  non-toxic  nanopar�cles  are  emerging  as  preferred             

addi�ves   in   polymeric   membranes.     

 As  a  member  of  the  cellulose  nanomaterial  family,  cellulose  nanofiber  (CNF)  is  a  green  and                  

non-toxic  nanomaterial  that  is  fabricated  from  renewable  and  sustainable  wood  resources.             

CNFs  are  produced  via  an  environmentally  friendly  2,2,6,6-tetramethylpiperidine-1-oxyl         

radical  (TEMPO)-mediated  oxida�on  method  that  is  conducted  at  mild  temperature  without             

using  any  strong  corrosive  chemicals  [26].  The  resul�ng  CNFs  have  a  high  surface-to-volume               

ra�o,  high  crystallinity,  good  mechanochemical  proper�es,  and  high  surface  func�onality            

(e.g.,  abundant  hydroxyl  and  carboxyl  groups  for  further  func�onaliza�on)  [27].  Other             

members  of  the  cellulose  nanomaterial  family  include  microfibrillated  celluloses  (MFCs)  and             

cellulose  nanocrystals  (CNCs)  that  are  produced  by  energy  intensive  and  less  sustainable              

methods  such  as  high-pressure  homogeniza�on  and  acid  hydrolysis.  Compared  to  MFCs  and              

CNCs,  CNFs  produced  by  TEMPO-mediated  oxida�on  method  not  only  are  more             

environmentally  friendly  but  also  have  advantages  of  high  uniformity,  aspect  ra�os  and  finer               

fiber   diameter   [28].     
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 The  use  of  CNFs  to  improve  membrane  performance  have  previously  been  demonstrated               

in  membrane  systems  such  as  microfiltra�on  (MF),  ultrafiltra�on  (UF)  and  nanofiltra�on  (NF)              

[28-31].  For  the  NF  applica�on  [30],  interfacial  polymeriza�on  was  carried  on  top  of  a  CNFs                 

based  UF  membrane  substrates  to  create  a  NF  membrane  with  good  permeability              

performance.  The  CNF  based  UF  membrane  substrates  contained  a  non-woven  mat  bo�om              

layer,  electrospun  polyacrylonitrile  (PAN)  nanofibrous  scaffold  intermediate  layer,  and  CNF            

top  layer.  Although  the  prepared  NF  membrane  showed  high  water  flux  and  good  rejec�on,                

the   prepara�on   method   is   quite   complicated.     

 Herein  we  report  a  simple  and  effec�ve  strategy  to  use  CNFs  to  enhance  the  performance                  

of  TFC  membranes.  Specifically,  CNFs  are  incorporated  as  a  green  and  non-toxic  modifier  in               

the  polyamide  layer  of  RO  membranes  by  directly  introducing  CNFs  into  the  aqueous  phase                

of  the  interfacial  polymeriza�on  step.  This  method  is  more  easily  scaled  up,  and  beneficial                

for  expanding  the  CNFs  applica�on  to  the  membrane  desalina�on  field.  To  the  best  of  our                 

knowledge,  this  is  the  first  report  to  use  CNFs  as  addi�ve  to  modify  the  polyamide  layer  of  a                    

TFC  membrane.  Different  concentra�ons  of  CNFs  will  be  incorporated  into  membranes,  and              

the  effects  of  CNFs  on  the  TFC  RO  membrane  morphology,  desalina�on  performance  and               

chlorine   resistance   will   be   inves�gated.    

2.   Experimental   

2.1.     Materials     

 Polysulfone  (PS)  membrane  substrate  was  supplied  by  SEAPS  Science  and  Technology  Co.               

Ltd.  2,2,6,6-tetramethyl-1-piperidinyloxy  (TEMPO,  98%),  sodium  bromide  (NaBr,  99%),  12.5          

w/v%  sodium  hypochlorite  (NaClO)  solu�on  and  hydrochloric  acid  (HCl,  37%),            

m-Phenylenediamine  (MPD,  99%),  triethylamine  (TEA,  99%),  caprolactam  (99%),  sodium           
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dodecyl  sulfonate  (SDS,  98.5%),  trimesoyl  chloride  (TMC,  98%),  hexane  (95%)  were             

purchased  from  Sigma-Aldrich  Australia.  Ethanol  (99%),  sodium  hydroxide  (NaOH,  99%),  and             

sodium  chloride  (NaCl,  99%)  were  purchased  from  Merck  Pty  Limited.  The  original  cellulose               

sample  was  kra�  pulp  (Kinleith  Hi  White)  from  Oji  Fibre  Solu�ons  Company.  All  the                

chemicals  were  used  as  received  without  further  purifica�on.  Deionised  (DI)  water  was  used               

to   prepare   all   aqueous   solu�ons.   

2.2.   Fabrica�on   of   CNFs   suspension   solu�on   

  A  CNFs  suspension  was  prepared  using  a  similar  method  reported  elsewhere  [32].               

Typically,  1  g  of  wood  pulp  was  washed  with  DI  water,  and  then  dispersed  in  100  g  of  DI                     

water,  and  s�rred  vigorously  for  24  h.  100  mg  of  sodium  bromide  and  16  mg  of  TEMPO  were                    

added  in  the  pulp  suspension,  where  11.16  g  NaClO  solu�on  (12.5%)  was  subsequently               

added  to  ini�ate  the  reac�on,  and  the  pH  was  adjusted  to  10  using  0.1M  HCl  solu�on.  A�er                   

NaClO  was  completely  consumed,  the  reac�on  medium  was  maintained  for  8  h  and  the                

reac�on  was  stopped  by  adding  5  ml  of  ethanol.  The  mixture  solu�on  was  washed  by  DI                  

water  and  separated  by  centrifuging  at  8000  rpm  for  15  min.  The  washing  and  purifica�on                 

steps  were  repeated  3  �mes  to  remove  any  remaining  salt  from  the  mixture.  Subsequently,                

DI  water  was  added  to  the  suspension  solu�on  to  reduce  the  fiber  content  to  0.2  wt%.  A�er                   

vigorous  agita�on  for  3  min  using  a  blender  (Nutribullet  900  series),  the  resul�ng  milk-like                

suspension  was  subjected  to  30  min  sonica�on  using  a  Qsonica  sonicator  with  pulse  of  30%                 

and  output  power  of  500  W-20  kHz,  yielding  a  transparent  CNFs  solu�on.  The  resul�ng  CNFs                 

concentra�on   was   0.2   wt%.     

2.3.   Prepara�on   of   CNF-TFC   RO   membrane   

  The  polyamide  layer  was  prepared  as  a  thin  top  layer  on  a  PS  substrate  membrane  by                   

interfacial  polymeriza�on,  the  prepara�on  process  for  the  CNF-TFC  membrane  is  shown  in              
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Fig.  1  The  aqueous  phase  solu�on  was  prepared  by  dissolving  MPD  (2.5  wt%),  TEA  (0.3  wt%),                  

caprolactam  (3  wt%),  SDS  (0.1  wt%)  and  a  given  amount  of  CNFs  concentra�on  (0,  0.002,                 

0.02,  0.2  wt%)  in  DI  water.  Firstly,  the  PS  support  layer  was  immersed  in  the  aqueous  phase                   

for  2  min.  The  excess  solu�on  was  removed  from  the  soaked  surface  using  a  rubber  roller.                 

The  organic  solu�on  of  TMC  (0.15  w/v%)  in  n-hexane  was  then  poured  over  the  membrane                 

for  20  s  to  ini�ate  interfacial  polymeriza�on  reac�on.  The  membrane  was  taken  from  the                

n-hexane  solu�on  and  heated  in  an  oven  at  50  °C  for  about  2  min,  to  allow  annealing  in  air.                     

Finally,  the  TFC  membranes  prepared  were  rinsed  and  stored  in  DI  water.  The  resultant                

membranes  are  referred  to  as  M0  (CNF-TFC-0),  M1  (CNF  -TFC-0.002),  M2  (CNF  -TFC-0.02),               

and  M3  (CNF  -TFC-0.2),  corresponding  to  the  CNF  content  in  the  polyamide  layer  of  0%,                 

0.002%,  0.02%  and  0.2%,  respec�vely.  A  control  membrane  M0  without  CNF  in  polyamide               

layer   was   also   prepared   using   the   same   procedures.   

  

Fig.   1.    Schema�c   representa�on   of   the   CNF-TFC   membrane   fabricated   by   interfacial   

polymeriza�on.   

  

2.4.   Characteriza�on   of   CNFs   and   CNF-TFC   membranes   
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 The  surface  morphologies  of  the  composite  membranes  were  observed  by  a  field  emission                

scanning  electron  microscope  (FEI  Nova  NanoSEM  450).  The  accelera�ng  voltage  of  SEM  is  5                

kV.  Transmission  electron  microscopy  (TEM)  was  conducted  to  determine  the  morphology  of              

CNF  using  Tecnai  G2  T20  (FEI,  USA).  The  CNF  sample  was  prepared  by  dropping  a  drop  of                   

diluted  CNF  solu�on  (0.002  wt%)  on  a  copper  grid,  before  allowing  it  to  dry.  For  inves�ga�on                  

of  the  surface  morphology  of  the  CNF-TFC  membrane  top  layer,  the  polyamide  layer  of  M0                 

and  M3  were  fabricated  on  glass  via  the  same  interfacial  polymeriza�on  step.  The  resultant               

polyamide  film  samples  were  transferred  to  copper  grids  for  TEM  analysis.  The  morphologies               

of  the  cross-sec�on  sample  of  CNF-TFC  membranes  (M0,  M1,  M2,  M3)  were  imaged  using                

Tecnai  F30  (FEI,  USA).  A�enuated  total  reflectance  Fourier  transform  infrared  spectroscopy             

(ATR-FTIR,  Nicolet  iS10,  Thermo-Fisher,  USA)  was  used  to  inves�gate  the  chemical  func�onal              

groups  of  the  CNFs  and  CNF-TFC  membranes.  All  spectra  obtained  were  for  wavenumbers               

from  600  to  4000  cm −1 ,  with  64  scans  at  a  resolu�on  of  4.0  cm −1 .  The  hydrophilicity  of  the                    

membrane  surface  was  assessed  according  to  the  water  contact  angle,  which  was  measured               

using  the  sessile  drop  method  on  a  video  contact  angle  goniometer  (Dataphysics  OCA15,               

Germany).  The  contact  angle  was  measured  from  a  video  camera  image  of  the  droplet  using                 

the  drop  shape  analysis  so�ware  supplied.  At  least  five  measurements  of  each  different               

droplet  of  each  sample  were  undertaken  to  allow  an  averaged  value  of  contact  angle  to  be                  

determined.   

2.5.   Permeability   performance   of   CNF-TFC   membranes   

  The  filtra�on  performances  of  the  composite  membranes  were  evaluated  by  a  dead-end               

filtra�on  cell  (HP4750  s�rred  cell,  Sterlitech).  The  membrane  flux  and  rejec�on  tests  were               

comducted  at  1.5  MPa.  The  effec�ve  area  of  the  membrane  was  7.1  cm 2 .  DI  water  or  2000                   

ppm  NaCl  aqueous  solu�on  was  used  as  the  feed  solu�on,  and  the  weight  of  permeated                 
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solu�on  was  recorded  con�nuously  by  a  precision  electronic  balance  connected  to  a              

computer.  All  results  presented  were  averaged  values,  with  the  standard  devia�on  from  at               

least  three  samples  for  each  type  of  membrane.  The  pure  water  flux  was  calculated  by  eq  1.                  

The   salt   rejec�on   was   calculated   by   eq   2.   

                           (1)  F =  V
A×∆t  

 where  F  is  the  permeate  flux  (L/m 2 h),  V  is  the  permeate  volume  (L),  A  the  membrane  area                    

(m 2 ),   and   Δt   is   the   filtra�on   �me   (h).    

                 (2)  100%  R = 1( − Cf
Cp)×  

 where  R  is  the  rejec�on,  and  C p   and  C f  are  the  NaCl  concentra�ons  (electrical  conduc�vity                  

used   in   this   work)   of   permeate   and   feed   solu�on,   respec�vely.     

2.6.   Chlorine   resistance   property   of   CNF-TFC   membranes   

  A  correla�on  exists  between  the  short-term  exposure  of  TFC  membrane  to              

high-concentra�on  free  chlorine  and  the  long-term  exposure  of  the  membrane  to             

  high-concentra�ons  of  free  chlorine  [33].  The  chlorine  stability  test  was  carried  out  by               

exposing  the  prepared  CNF-TFC  membranes  to  2000  ppm  NaClO  solu�on  for  3  h  at  pH  =  4.                   

The  hypochlorite  solu�on  with  a  lower  pH  value  was  used  because  it  may  cause  more                 

serious  degrada�on  of  polyamide  membranes   [6,  33-35].  The  salt  rejec�on  of  membranes              

was  measured  at  15  bar  using  2000  ppm  NaCl  solu�on  on  the  same  cross-flow  rate  before                  

and  a�er  chlorina�on  on  a  cross-flow  filtra�on  setup.  All  results  presented  were  averaged               

values   from   at   least   three   membrane   samples   for   each   membrane.   

3.   Results   and   discussion   

3.1.   Characteriza�on   of   CNFs   

8   

  



 The  morphology  of  the  CNFs  is  shown  in  the  TEM  image  (Fig.  2a).  The  average  length  and                    

diameter  of  the  CNFs  were  measured  using  an  image  processing  so�ware  (Nano  Measurer)               

based  on  the  TEM  image  in  Fig.  2a.  The  CNF  par�cles  are  rod  shape,  with  the  length  of  250  -                      

550  nm  and  diameters  of  3  -  10  nm  (Fig.  2b).  The  XRD  spectrum  of  CNF  par�cles  (Fig.  2c)                     

shows  typical  cellulose  I  structure  with  peaks  at  2θ  of  approximately  16°,  22.5°  [36].  The  XRD                  

pa�ern  of  the  CNFs  exhibits  a  dis�nct  peak  at  2θ  =  22.5°,  corresponding  to  the  (002)  la�ce                   

planes  of  cellulose  I,  and  a  weak  peak   around  2θ  =  14.0  -  17.8°,  corresponding  to  the  (101)                    

and   (101 ̅ )   la�ce   planes   of   the   cellulose   I   crystalline   structure   [37].     
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Fig.   2.    Characteriza�on   of   CNFs:   (a)   TEM   image,   (b)   Size   distribu�on,   and   (c)   XRD.   

  

3.2.   CNF-TFC   membrane   morphology   

 The  surface  morphology  of  CNF-TFC  RO  membranes  are  shown  in  Fig.  3.  The  surface  of                  

polyamide  ac�ve  layer  exhibited  a  rough  surface  with  a  typically  “ridge  and  valley”  structure                

of  polyamide  membrane,  as  seen  on  the  other  surface  structure  TFC  and  TFN  membranes                
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[38,  39].  Although  the  incorpora�on  of  CNFs  did  not  affect  the  morphology  of  the  polyamide                 

membrane  significantly,  some  differences  between  the  pris�ne  RO  and  CNF-TFC  RO             

membranes  were  observed.  When  the  polyamide  layer  was  prepared  at  higher  loadings  of               

CNFs  (Fig.  3c,  d),  the  width  of  the  valley  regions  of  “ridge  and  valley”  structures  increased                  

slightly.  The  similar  morphology  change  was  also  observed  in  GO  embedded  TFC  membrane               

[40].  This  can  be  a�ributed  to  the  change  in  the  reac�on  rate  between  MPD  and  TMC  due  to                    

the  loading  of  CNFs  [41,  42].  The  abundant  carboxyl  or  hydroxyl  groups  of  CNFs  would  also                  

react  with  the  acyl  chloride  group  in  TMC  to  form  ester  bonds,  hence  affec�ng  the  interfacial                  

polymeriza�on  reac�on  rate  between  MPD  and  TMC  [40,  43].  As  such,  the  prepara�on  of                

the  polyamide  layer  was  affected  by  the  incorpora�on  of  CNFs,  which  in  turn  led  to  a                  

different  surface  morphology  of  the  CNF-TFC  membranes  that  could  influence  the             

membrane  separa�on  performance.  More  informa�on  of  the  change  of  the  polyamide  layer              

can   be   obtained   by   analysis   of   its   cross-sec�on.   

11   

  



  

Fig.   3.    SEM   images   of   membrane   surface   (a)   M0,   (b)   M1,   (c)   M2,   and   (d)   M3.   

   

 As  seen  in  Fig.  4,  the  TEM  images  show  differences  in  the  cross-sec�ons  of  fabricated                  

membranes.  It  was  found  that  the  incorpora�on  of  CNFs  substan�ally  decreased  the  top               

layer  thickness,  when  comparing  the  CNF-incorporated  TFC  membranes  (Fig.  4b,  c,  d)  with               

the  pris�ne  TFC  membrane  (Fig.  4a).  Such  a  reduc�on  in  the  top  layer  thickness  may                 

significantly   decrease   the   mass   transfer   resistance   of   the   polyamide   layer.     
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Fig.   4.    TEM   images   of   cross-sec�on   of   membranes   (a)   M0,   (b)   M1,   (c)   M2,   and   (d)   M3.     

    

 To  analyze  the  effect  of  CNFs  on  the  morphology  of  polyamide  layer  of  TFC  membrane,  the                   

polyamide  layers  of  M0  and  M3  were  prepared  directly  on  the  glass  and  inves�gated  by                 

TEM.  This  is  because  the  polyamide  membrane  prepared  on  the  PS  substrate  is  too  thick  for                  

TEM  observa�on.  As  shown  in  Fig.  5,  For  the  sample  M3  that  has  the  highest  concentra�on                  
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of  CNFs  loading  (0.2  wt%),  long  fiber-like  structures  were  observed  on  the  membrane               

surface.  The  diameters  of  the  observed  fibers  were  about  10  nm,  and  the  lengths  were                 

about  200  -  300  nm,  which  correspond  to  the  sizes  of  the  CNFs  added  during  the  interfacial                   

polymeriza�on.  The  results  confirmed  the  successful  incorpora�on  of  CNFs  within  the             

polyamide   layer   of   membrane.   

  

  Fig.   5.    TEM   images   of   membrane   surfaces   (a)   M0   and   (b)   M3.   

  

3.3.   Chemical   func�onal   groups   of   the   CNFs   and   fabricated   membranes     

 FTIR  analysis  was  performed  to  characterize  the  surface  func�onal  groups  of  CNFs               

powders,  PS  substrate  and  CNF-TFC  membranes,  with  the  results  are  shown  in  Fig.  6.   These                 

are  two  characteristic  peaks  of  CNFs,  one  being  the  broad  peak  3500~3200  cm -1 ,  which  can                 

be  related  to  the  O-H  stretching  vibra�ons  [44].  The  other  peak  observed  at  1040  cm -1   can                  

be   ascribed   to   the   C–O–C   pyranose   ring   stretching   vibra�on   of   CNFs   [36].   

 Comparing  with  the  PS  support,  all  the  TFC  membranes  (M0,  M1,  M2,  M3)  show  new                  

peaks  at  approximately  1664,  1486  and  3320  cm -1 .  The  broad  peak  around  3320  cm -1  can  be                  
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ascribed  to  the  overlapping  of  other  bands  such  as  N–H  and  –OH  stretching  vibra�ons  [45].                 

The  peak  appearing  at  1664  cm -1  can  be  assigned  to  C=O  stretching  vibra�ons  of  the                 

–CO–NH  groups  [46,  47].  The  peak  at  1486  cm -1  is  related  to  the  O–H  stretching  vibra�on  of                   

the  carboxylic  groups,  which  were  generated  by  the  hydrolysis  of  unreacted  acyl  chlorides               

during  the  interfacial  polymeriza�on  [48].  These  three  peaks  confirmed  the  successful            

forma�on  of  the  polyamide  layer  on  top  of  the  PS  substrate  for  both  pris�ne  TFC  and                  

CNF-TFC   membranes.     

 As  shown  in  Fig.  6b,  the  characteris�c  peaks  of  CNFs  are  the  peak  around  3320  cm -1  and                    

1040  cm -1 ,  which  can  be  assigned  to  hydroxyl  group  and  cyclic  alcohols  of  CNFs,  respec�vely                 

[36].  Compared  to  pris�ne  RO  membrane  (M0),  CNF-TFC  membranes  M1,  M2  and  M3  show                

higher  transmi�ance  around  3320  cm -1  and  1040  cm -1 ,  and  the  intensity  of  these  two  peaks                 

increases  with  the  concentra�on  of  CNFs  incorporated.  This  result  confirmed  the  presence              

of  CNF  on  the  surface  of  TFC  RO  membranes  a�er  interfacial  polymeriza�on.  Addi�onally,               

the  increased  concentra�on  of  –OH  groups  caused  by  CNFs  may  contribute  to  the  increased                

hydrophilicity   of   the   membrane.   
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Fig.   6.    ATR-FTIR   spectra   of   PS   support,   M0,   M1,   M2,   and   M3,   and   CNFs:   (a)   stacked   sample   

spectra   of   full   wavenumber   and   (b)   overlapped   sample   spectra   of   detailed   wavenumber.   

  The  membrane  surface  hydrophilicity  plays  an  important  role  in  the  permeability  of  the                

membrane,  with  a  lower  water  contact  angle  indicates  a  more  hydrophilic  surface  [49].  As                

shown  in  Fig.  7,  the  average  contact  angles  of  all  CNFs-TFC  membrane  are  less  than  that  of                   

the  pris�ne  RO  membrane,  the  contact  angle  decreasing  with  increasing  CNFs  loading.  With               

CNF  loading  increased  from  0  %  to  0.2  %,  the  contact  angle  of  RO  membrane  was  reduced                   

from  31.2°  to  17.8°.  The  increased  hydrophilicity  of  the  TFC  membranes  can  be  a�ributed  to                 

the  addi�onal  hydroxyl  func�onal  group  of  the  hydrophilic  CNFs  on  the  surface  of  the                

polyamide  layer  [50].  It  has  been  widely  reported  that  the  embedding  of  hydrophilic               

nanopar�cles  can  improve  the  membrane  hydrophilicity,  and  result  in  an  increased  water              

flux   of   TFC   membranes   [6,   10].   
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   Fig.   7.    Contact   angle   of   PS   support,   M0,   M1,   M2,   and   M3.   

    

3.4.   The   performance   of   CNF-TFC   RO   membranes     

  The  effects  of  CNFs  concentra�on  on  the  membrane  desalina�on  performance  are              

presented  in  Fig.  8.  The  water  fluxes  of  M0,  M1,  M2  and  M3  were  19.9,  19.3,  29.8  and  35.3  L                      

m -2   h -1 ,  respec�vely.  At  the  op�mal  CNF  loading  of  0.02  wt%,  the  water  flux  of  prepared  M2                   

was  improved  by  50%  to  29.8  ±  2.1  L  m -2   h -1 ,  compared  to  that  of  the  bare  membrane  M0.  At                      

the  same  loading  of  0.02  wt%,  the  salt  rejec�on  tests  showed  that  the  NaCl  rejec�ons                 

slightly  increased  from  94.0  ±  1.4  %  (M0)  to  95.6  ±  2.1  %  (M2).  This  can  be  ascribed  to  the                      

addi�onal  −OH  groups  of  the  CNFs  reac�ng  with  the  excess  TMC  [51]  increasing  the  degree                 

of  cross-linking  in  the  selec�ve  layer  of  CNF-TFC  membranes,  leading  to  higher  salt  rejec�on                

[43,   52].   

 When  the  concentra�on  of  CNFs  was  increased  to  0.2  wt%,  the  flux  increased  almost  twice                  

that  of  the  pris�ne  RO  membrane  but  the  salt  rejec�on  was  decreased  to  80%  (Fig.  8),  likely                   

caused  by  the  excessive  CNFs  loading  in  the  polyamide  layer  that  led  to  a  loose  polyamide                  

structure.     

 The  increase  in  the  flux  of  the  membrane  was  due  to  the  combined  effects  of  increased                   

hydrophilicity  (Fig.  7),  surface  func�onal  groups  (Fig.  6),  and  density  of  the  polyamide  layer                
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(Fig.  4).  The  increased  surface  hydrophilicity  (Fig.  7)  increases  the  water  flux  of  membrane                

due  to  the  increased  affinity  to  water  [6,  53].  The  abundant  –COO -  and  –OH  groups  (Fig.  6)on                   

CNF  nanopar�cle  surfaces  [26]  and  the  high-polar  groups  (e.g.  –COO - ,  -NH 2  and  -OH)  on  the                 

membrane  surface  increases  the  surface  hydrophilicity  and  increases  the  transport  rate  of              

water  molecules  through  the  membrane,  and  thus  flux  [43].  In  addi�on,  water  molecules  are                

able  to  pass  through  the  interfacial  gaps  between  CNF  and  polyamide  the  incorporated  CNFs                

[30].  Such  a  passage  would  result  in  an  effec�ve  decrease  in  the  nominal  thickness  of  the                  

dense  barrier  layer  of  TFC  membrane  [30],  thereby  improving  the  membrane  water  flux.  The                

reduced  thickness  of  the  polyamide  layer  of  modified  membranes  (M1,  M2  and  M3)  as                

shown   in   the   TEM   images   (Fig.   4)   also   contributes   to   the   higher   flux.     

  

   Fig.   8.    Water   flux   (L   m -2    h -1 )   and   salt   rejec�on   (%)   of   the   M0,   M1,   M2,   and   M3   tested   at   1.5   

MPa.   

  

 3.5.   Chlorine   resistance   of   CNF-TFC   membranes     

 To  assess  the  chlorine  resistance  of  the  GO  modified  membrane,  the  membranes  were                

tested  before  and  a�er  NaClO  treatment.  As  shown  in  Fig.  9,  a�er  membrane  immersion  in                 

2000  ppm  NaClO  solu�on  at  pH  =  4  for  3  h,  the  salt  rejec�on  of  M0  (bare  TFC)  decreased                     

from  91%  to  73%.  The  obvious  rejec�on  decline  for  the  bare  TFC  membrane  is  caused  by  the                   
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structural  degrada�on  of  the  polyamide  chains,  the  mechanism  of  the  chlorine  a�ack  of               

polyamide  TFC  membranes  having  been  extensively  studied  [35].  Due  to  the  N-chlorina�on              

and  subsequent  ring-chlorina�on,  the  intermolecular  hydrogen  bonds  are  disrupted,  and  the             

symmetry  of  polyamide  network  is  destroyed,  resul�ng  in  a  transforma�on  from  crystalline              

regions  to  an  amorphous  state  [34].  The  par�al  damage  to  the  polyamide  layer  increases  the                 

free  volume  and  flexibility  of  the  polymer  matrix,  leading  to  lower  salt  rejec�on  of                

polyamide  membrane  [33].  However,  M1  and  M2  show  enhanced  chlorine  resistance  when              

exposed  to  the  same  chlorine  a�ack.  At  CNF  loading  of  0.002  wt%,  only  3%  decline  of  salt                   

rejec�on  was  observed.  The  improved  chlorine  resistance  performance  of  M1  and  M2  might               

be  a�ributed  to  the  improved  hydrophilicity  and  addi�onal  barrier  provided  by  CNFs  that               

protect  the  polyamide  layer  [6].  In  addi�on,  the  intermolecular  hydrogen  bonding  is              

increased  by  the  chemical  interac�on  between  the  CNFs  containing  various  func�onal             

groups  and  polyamide  structure.  This  might  protect  the  ac�ve  sites  of  the  polyamide  chains                

and  thus  improves  the  chlorine  resistance  of  the  membrane  [33,  54].  On  the  other  hand,                 

Sample  M3  showed  a  poorer  chlorine  resistance  performance  than  other  modified             

membranes.  This  can  be  explained  by  the  looser  polyamide  selec�ve  layer  of  M3  (as  shown                 

by  the  lower  salt  rejec�on)  being  more  suscep�ble  to  chlorine  a�ack.  The  free  chlorine                

radicals  are  able  to  permeate  through  more  easily  through  the  loose  polyamide  layer.  The                

chlorine  resistance  test  indicates  that  chlorine  resistance  can  be  enhanced  by  adding  an               

op�mal   loading   of   CNFs   to   the   polyamide   layer   of   TFC   membrane.   
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   Fig.   9.    Salt   rejec�on   of   M0,   M1,   M2,   and   M3,   before   and   a�er   chlorina�on.   

4.   Conclusions   

  In  summary,  low  cost  and  green  tempo-oxidized  CNFs  have  been  successfully  incorporated               

into  polyamide  layer  of  TFC  RO  membrane  in  the  interfacial  polymeriza�on.  The  CNF-TFC               

membranes  showed  increased  permeability  with  an  increasing  loading  of  CNFs.  At  loading  of               

0.02  wt%  CNFs,  the  water  flux  of  the  membrane  sample  M2  increased  by  more  than  50%  to                   

29.8  L  m -2   h -1  compared  to  that  of  the  pris�ne  RO  membrane,  whilst  the  NaCl  rejec�on                  

increased  from  94.0%  to  96.2%.  The  results  obtained  can  be  a�ributed  to  the  enhanced                

membrane  hydrophilicity  and  thinner  selec�ve  layer  due  to  CNF  addi�on.  In  addi�on,  low               

loadings  of  CNFs  in  the  polyamide  layer  of  the  CNF-TFC  membranes  also  enhanced  the                

chlorine  resistance  of  the  membrane.  Considering  that  CNFs  are  non-toxic  and  are  made               

from  sustainable  resources  via  an  environmentally-friendly  process,  the  enhanced           

membrane  performance  and  stability  of  these  CNF-TFC  membranes  is  promising  for             

seawater   desalina�on   and   other   industrial   separa�on   processes.   
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